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 List of abbreviations and symbols 
 
Abbreviations 
 
DDAB didodecyldimethylammonium bromide  
DEEDMAC diethylesterdimethylammonium chloride 
DF degrees of freedom 
DHP dihexadecylphosphate 
DLS dynamic light scattering 
DMPC dimyristoylphosphatidyl choline 
DMPG dimyristoylphosphatidyl glycerol 
DODAB dioctadecyldimethylammonium bromide  
DODAC dioctadecyldimethylammonium chloride 
DPPC dipalmitoylphosphatidyl choline 
DSC differential scanning calorimetry 
Eq.  equation 
ESRF European synchrotron radiation facility 
1H-NMR proton nuclear magnetic resonance 
ITC isothermal titration calorimetry 
LDE laser doppler electrophoresis 
LUV large unilamellar vesicle 
MLV multilamellar vesicle 
MVV multivesicular vesicle 
NSSD normalised sum of squared differences 
Ppn propranolol 
SANS small angle neutron scattering 
SAXS small angle X-ray scattering 
SD standard deviation 
SDS sodium dodecyl sulfate 
TES N-Tris(hydroxymethyl)-methyl-2-amino-ethane sulfonic acid 
SUV  small unilamellar vesicle 
WAXS wide angle X-ray scattering 
 
Latin symbols 
 
a Langmuir affinity 
D lamellar spacing  
[DDAB] DDAB concentration 
eo Proton charge = 1.602 × 10-19 C 
F Faraday’s constant = 96487 C 
K partitioning constant 
Lα lamellar phase in the liquid-crystalline state 
Na Avogadro’s number = 6.023 × 1023 
paPC projected surface area of dimyristoylphosphatidyl choline 
paPPN projected surface area of propranolol 
pKa acid dissociation constant 
[PPN] propranolol concentration 
P(q) X-ray scattering form factor 
q scattering vector 
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List of abbreviations and symbols 
R gas constant = 8.31 J/(K.mol) 
T  temperature  
Tm gel to liquid-crystalline phase transition temperature  
uef electrophoretic mobility 
 
Greek symbols 
 
∆H enthalpy change 
∆pKa pKa-shift 
0ε  permittivity of vacuum = 8.854E-12 C/(V.m) 
ε  dielectric constant η  viscosity 
σ charge density 
ψ potential 
ζ  zetapotential 
 
Sub- or superscripts 
 
app apparent 
bilayer  in the bilayer  
free non-bound, in the continuous phase 
full concerning the full model 
Langmuir  calculated from the Langmuir model 
max maximum 
n concerning the non-protonated neutral form 
reduced concerning the reduced model 
SUP in the supernatant  
surface in the aqueous phase near the surface  
tot total added concentration 
+ concerning the protonated form 
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 Chapter I:  
General introduction 
 
1.1 Vesicles  
1.1.1 Definition of vesicles 
Vesicles consist of closed bilayer shells made of surfactants, surrounding an aqueous core. 
Surfactants are amphiphilic molecules, meaning that they comprise a hydrophobic and a 
hydrophilic part. A prerequisite of surfactants to form vesicles upon dispersion in water is that 
the projected surface area of the hydrophilic group is about equal to the projected surface area 
of the hydrophobic group. Vesicle-forming surfactants are natural, such as phospholipids, or 
synthetic, such as double-tailed quaternary ammonium halides. These surfactants can be 
negatively charged, such as the phospholipid phosphatidyl glycerol, zwitterionic, such as the 
most abundant phospholipid phosphatidyl choline or positively charged, such as the double-
tailed dialkyldimethylammonium halides. The vesicle-forming surfactants used in this study 
are shown in Fig. 1.1. Phospholipid vesicles are also called liposomes. 
 
 
Figure 1.1. Vesicle-forming surfactants used in this study; DDAB: 
didodecyldimethylammonium bromide; DODAB: dioctadecyldimethylammonium 
bromide; DODAC: dioctadecyldimethylammonium chloride; DEEDMAC: diethyl ester 
dimethylammonium chloride; DMPC: dimyristoylphosphatidyl choline; DMPG: 
dimyristoylphosphatidyl glycerol.  
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Vesicles can be unilamellar or multilamellar, depending on the number of bilayers shells. 
Vesicle diameters range from a few tens of nanometers in the case of small unilamellar 
vesicles (SUV) up to a few tens of micrometers. Vesicles enclosing a number of smaller 
vesicles are called multivesicular vesicles (Fig. 1.2).  
 
 
Figure 1.2. Morphology of different vesicle structures; SUV: small unilamellar vesicle; 
LUV: large unilamellar vesicle; MLV: multilamellar vesicle; MVV: multivesicular 
vesicle 
 
Since excellent books are available on the preparation and characterisation methods of 
vesicles (e.g. Torchilin et al., 2003), this chapter only introduces the vesicle properties and 
preparation methods that are relevant in later chapters.     
 
1.1.2 Gel-to-liquid crystalline transition  
Below the gel-to-liquid crystalline transition temperature (Tm) the alkyl chains are 
crystallized and in the all-trans configuration. This is the gel state. When the bilayer is heated 
above Tm, the constituting surfactant molecules diffuse freely in the lateral direction and 
rotation around the individual C-C bonds results in the occurrence of more gauche 
configurations besides the trans configuration although these gauche configurations are 3 to 
4 × 10-21 J higher in energy at room temperature. The bilayer is said to be in the liquid-
crystalline state. The balance between ethalpy and entropy determines the alkyl chain 
conformation and thus the state of the membrane (Evans and Wennerström, 1994) (Fig. 1.3). 
Upon melting, the projected surface area per lipid usually increases and the bilayer thickness 
decreases. The projected surface area of dipalmitoylphosphatidyl choline was found to 
increase with about 35 % upon melting (Janiak et al., 1976; Lis et al., 1982).   
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Using 1H-nuclear magnetic resonance (1H-NMR) spectroscopy, the surfactant fraction in the 
liquid-crystalline state can be determined. Melting of lipids is an endothermic phenomenon 
which can be easily observed using differential scanning calorimetry (DSC) 
 
 
temperature < Tm temperature > Tm 
Figure 1.3. The gel to liquid-crystalline phase transition 
 
1.1.3 Surface charge density 
Vesicles containing charged surfactants are charged themselves. On the other hand, vesicles 
which are made of a zwitterionic phosphatidyl choline phospholipid are characterized by a 
small negative charge due to a dipole in the choline-headgroup (Fabiani and Pizzichini, 1981). 
Besides, the surface charge density is proportional to the degree of dissociation of the charged 
headgroups. Thus, it was found that the degree of counterion binding in a monolayer of 
double-tailed quaternary ammonium bromide surfactants in excess water is about 80 % 
(Cavalli et al., 2001). The relation between surface charge density and surface potential is 
described in detail by Evans and Wennerström (1994). The latter may be determined by 
electrophoretic light scattering. This technique measures the velocity of a particle moving in 
an electric field. Several theories exist to convert this velocity to a potential, e.g. the Dukhin-
theory (Egorova, 2001).     
 
1.1.4 Vesicle preparation 
Vesicles are usually not the thermodynamically stable state (Laughlin, 1997). They do not 
arise spontaneously. Energy is needed to produce them. Higher amounts of applied energy 
generally result in smaller vesicles with a smaller number of bilayers.  
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Vortexing or hand-shaking vesicle-forming surfactants in water above Tm results usually in 
multilamellar vesicles.  
By extrusion through polycarbonate membranes, monodisperse vesicle size distributions 
can be obtained (Jousma et al., 1987). Extrusion is often combined with freeze-thawing as this 
was shown to reduce lamellarity (Chapman et al., 1990).   
Sonication reduces the vesicle size and the number of bilayers due to highly energetic 
ultrasound waves (Johnson, 1973). Two sonication methods exist. In a first method, the tip of 
a tip sonicator is immersed into the sample. In the second method, the recipient containing the 
sample is placed into the bath of a bath sonicator.  
 
1.2 Sorption in vesicles  
In most of the liposome applications, sorption of other molecules is an important issue. 
Species interacting with the headgroups adsorb onto the bilayer surface. Hydrophilic species 
are encapsulated in the aqueous compartments of the vesicle whereas hydrophobic species are 
absorbed in between the bilayer alkyl/acyl chains. Amphiphilic species interact partly with the 
alkyl/acyl chains and partly with the headgroup region. 
The most important interaction forces driving or counteracting sorption will be discussed. A 
more extended overview of interaction forces can be found in many colloid science textbooks 
(e.g. Evans and Wennerström, 1994).  
Upon sorption, the free motion of the sorbing molecules is restricted. Therefore, the entropy 
of the system ∆S is decreased causing the Gibbs free energy of the system ∆G to increase 
according to the second law of thermodynamics: 
STHG ∆×−∆=∆                          (Eq. 1.1) 
Thus, this mechanism counteracts sorption.  
When charges or permanent dipoles are involved, electrostatic forces arise that can be 
attractive or repulsive. The Coulombic force between 2 charges is relatively long-range as it is 
proportional to the inverse second power of the intermolecular distance.   
 An attractive interaction between molecules arises from the correlations between the 
motions of the electrons in these molecule. Even if these molecules have no permanent 
electric moment, motions of electrons around a nucleus gives rise to instantaneous dipoles 
producing an electric field at a second atom, which in turn induces an instantaneous dipole. 
Quantum mechanics showed that this interaction leads to an attractive force, the London 
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dispersion force. This force is short-range as it is proportional to the inverse seventh power of 
the intermolecular distance and it depends strongly on the atomic polarizability.  
Further, the structuring of water around a nonpolar group leads to a reduction of the entropy 
and consequently an increase of the free energy of the system according to equation 1.1. The 
free energy of the system can be decreased by association of the non-polar groups thus 
releasing the structured water into the bulk where it regains the complete freedom of motion. 
The non-polar groups can either associate with groups of the same kind as is the case in the 
formation of micelles or with nonpolar groups of other molecules as is the case when 
molecules with nonpolar groups sorb in a bilayer. As any system strives towards minimal free 
energy, this so-called hydrophobic effect is an extra driving force for sorption. 
 
1.3 Vesicle applications 
The applications of vesicles are widespread. Phospholipid vesicles have been studied 
intensively due to their analogy to cell membranes. Eye-catching applications are situated in 
the medical field, such as specific drug delivery to e.g. cancer cells (Medina et al., 2004). 
Hydrophilic drugs can be encapsulated in the hydrophilic core of the vesicles whereas 
hydrophobic drugs can be sorbed in the alkyl/acyl chain region. Amphiphilic drugs are sorbed 
in both regions. Vesicles may seem to have a bright future ahead as drug vehicles. However, 
in spite of extended research, major deficiencies are still faced: limited encapsulation 
capacity,  lack of control of drug release, lack of means to override biological barriers such as 
the blood-brain barrier and often inefficient active targeting (Baldeschwieler and 
Schmidt, 1997; Barenholz, 2001). Only in 1990, vesicle-sorbed amphotericin was approved in 
medicine as the first vesicle-based product (Adler-Moore et al., 1991). Higher amphotericin 
doses could be applied as toxicity was reduced considerably without loss of efficacy against 
fungal infections (Baldeschwieler and Schmidt, 1997; Lopez-Berestein et al., 1985). Several 
vesicle-formulated drug products are now commercially available (Table 1.1).    
Also delivery of DNA to cells using cationic vesicles was studied intensively  (de Lima et 
al., 2003) in order to replace viral vectors, which are limited in terms of size of the foreign 
gene and which may possibly lead to infections or cancer (Lasic, 1997). DNA delivery by 
vesicles still suffers from a lack of target specificity. Nevertheless, several gene delivery 
applications of vesicles are clinically tested (Baldeschwieler and Schmidt, 1997). 
Although the vast majority of patents are granted in the biomedical field, other important 
applications exist. A vesicle technique that increases chroma and edge acuity of dye based 
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inks was patented by Kabalnov (1999). Vesicles are also used in cosmetic products (Weiner et 
al., 1994) like ointments or toothpastes (Martinez-Gomis et al., 1999). Besides, several 
commercial fabric softeners are multilamellar cationic vesicle dispersions (Jacques and 
Schramm, 1996). 
 
Table 1.1. Overview of the most important marketed liposome-fomulated drug products.  
Drug Company Indication References  
Cytarabine Depotech Co. Lymphomatous meningitis Kim and Howell, 1987
Daunorubicin NexStar 
Gilead Sciences Inc. 
Kaposi Sarcoma, breast and 
small cell lung cancer, 
leukaemia, lymphoma 
Gill et al., 1995 
Amphotericin B The Liposome Co. 
NexStar 
Fungal infections Janknegt et al., 1992 
 
Doxorubicin Sequus Pharm. Kaposi sarcoma, non-small 
cell lung cancer, ovarian 
cancer, breast cancer, hepato 
and soft-tissue sarcomas.  
Gill et al., 1996 
 
1.4 Objectives and outline of the present study 
1.4.1 Research objectives 
Sorption in vesicles obviously depends on the structure of the vesicles. Some relevant 
vesicle properties, such as the encapsulated volume, mainly depend on the preparation 
method. Other important properties, such as the physical state or the surface potential of the 
vesicle bilayer, were mainly determined by the nature of the constituting molecules. In this 
work, it is an aim to understand the phenomena occurring while preparing vesicles. Also a 
detailed characterization of the physical state of the bilayer consitutes an important objective. 
It is also important to understand how this property depends on the preparation method. 
Finally the sorption behaviour of several charged molecules will be studied in order to 
highlight the importance of the electrostatic interactions due to the vesicle surface charge. In 
general, this work investigates the complex interplay between vesicle preparation, vesicle 
structure and sorption in vesicles (Fig. 1.4).  
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  Figure 1.4. Scheme of the research topics to be studied.   
 
Understanding the vesicle formation process is important to all vesicle researchers as the 
preparation method determines many vesicle properties such as the size, the number of 
bilayers or the encapsulated volume. The latter property is particularly important when the 
sorption of hydrophilic compounds is studied. Therefore, the understanding of this vesicle 
formation process constituted the first aim of the present study. As stated above, the structure 
of the vesicles is mainly determined by the amount of energy used to prepare them. Gaining 
valuable insights into vesicle formation required the determination of the aggregate structures 
while controlling accurately the amount of applied energy.  
  
The state of a bilayer influences sorption of both hydrophobic or amphiphilic substances to 
a great extent. Many drugs are sorbed more efficiently by membranes in the liquid crystalline 
state compared to membranes in the gel state (Abe and Kondo, 1999; Herbette et al., 1983). 
The gel to liquid-crystalline transition of phospholipid bilayers has been studied a lot due to 
the analogy of these bilayers with cell membranes. This transition is important in numerous 
membrane processes. Nevertheless, this property remains poorly understood especially in the 
case of highly charged lipids. The available literature on the thermal phase behaviour of 
dialkyldimethylammonium halides contains seemingly conflicting data. Some authors found 
for dioctadecyldimethylammonium bromide (DODAB) vesicular dispersions 2 peaks in a 
DSC upscan (Benatti et al., 1999; Blandamer et al., 1992, 1995, 1998) while others found 
only one of these two peaks (Barreleiro et al., 2002; Feitosa et al., 2000; Jung et al., 2000; 
Linseisen et al., 1996). One aim of this study was to provide a more profound understanding 
of the thermal phase behaviour of these highly charged lipids.  
If vesicles composed of long-chained dialkyldimethylammonium halides were prepared by a 
method involving a high energy input, like sonication, they solubilized significantly more 
drugs (Pacheco and Carmona-Ribeiro, 2003; Vieira and Carmona-Ribeiro, 2001). Therefore, 
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this study aimed to characterize this system in terms of the vesicle size, the vesicle shape and 
the thermal phase behaviour.  
 
The interaction of vesicles with equally charged or uncharged surfactants has been studied 
intensively before and is known to lead to solubilization. On the other hand, the interaction of 
vesicles with oppositely charged surfactants was rarely investigated. A goal of this study was 
to investigate the aggregate structures formed after interaction of oppositely charged 
surfactants with vesicles. Also the thermal phase behaviour of these structures should be 
investigated in depth. Most of the work described in literature is done on vesicles in the 
liquid-crystalline state. Non-equilibrium properties become much more important when 
working with vesicles in the gel state. This may explain why so little literature is available on 
surfactant systems below Tm. The vesicles made of the quaternary ammonium surfactants 
used in this study are at room temperature below Tm. Hence, this study also aimed to extend 
the limited knowledge on non-equilibrium systems. To better understand the non-equilibrium 
phenomena occurring during this interaction, time-resolved experiments were done. 
Especially the flocculation of vesicles and the formation of a precipitate upon adding 
oppositely charged surfactant are of interest because these phenomena are of great importance 
in the laundry industry. Many fabric softeners consist of cationic vesicles below Tm. These 
products are added in the last rinse cycle where they may be inactivated by precipitation with 
anionic surfactants remaining from the main wash (Hughes et al., 1976; Smith et al., 1989). 
Taking into account the wide-spread use of fabric softeners, this reaction is of great 
importance both from an economical and functional point of view. Therefore, it was aimed to 
find the driving forces for flocculation and precipitation.       
 
The interaction of a molecule with a vesicle bilayer can be mainly electrostatic if the 
sorbing molecule is charged or can be dominated by the London dispersion force or the 
hydrophobic effect in case non-polar groups are involved. All types have been studied 
intensively before (Bäuerle and Seelig, 1991; Kubo et al., 1986; Schreier et al., 2000). Upon 
sorption of a charged species, the charge density of the sorbent is affected. This charge 
density influences non-sorbed charged species and thus affects further sorption but also 
determines the degree of proton attraction or repulsion and therefore establishes the surface 
pH. A sorbing species that can exist in both a protonated and a non-protonated form affects 
the charge density of the sorbent to an extent that depends on the surface pH. Besides, the acid 
dissociation constant of the sorbing molecule may change upon sorption due to a change of its 
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dielectric environment (Kitamura et al., 2004). The present work aimed to describe this more 
intricate sorption behaviour by a physical model using a limited number of adjustable 
parameters. Besides, using statistical methods, the interdependence and the significance of 
these physical parameters need to be checked. It was a goal to evaluate the importance of the 
various driving forces that govern sorption. Varying the electrolyte concentration and the 
amount of charged lipids allowed to ascertain the importance of the electrostatic interactions.     
 
1.4.2 Thesis outline 
The first chapter [chapter I. General introduction] describes the vesicle field and gives 
general information that is relevant to fully understand the chapters that follow. An overview 
of the different types of vesicles and of the most frequently used preparation methods is 
given. The importance of vesicle research is illustrated by the various applications. Also 
constraints and opportunities are cited. The first chapter concludes with the objectives and an 
outline of the performed experimental work.  
 
The second chapter [chapter II. Shear-induced transitions in the DDAB-water system] 
deals with the shear-induced transitions in the didodecyldimethylammonium bromide 
(DDAB) in water system. Special attention was devoted to the formation and breakdown of 
vesicles upon shear. These transitions were studied in a rheometer because the amount of 
shear can then be controlled accurately. In addition, the viscosity is an excellent indicator of 
vesicles being formed (Roux et al., 1993). Combining rheology with small angle neutron 
scattering (SANS), the structure of each phase was analyzed and the vesicle fraction at 
different shear rates was estimated.  
 
The third chapter [chapter III. Thermal Transitions of DODAB Vesicular Dispersions] 
deals with thermal phase behaviour of positively charged dioctadecyldimethylammonium 
bromide (DODAB) vesicles. Some researchers found only one phase transition upon heating 
DODAB vesicles which they ascribe to the gel to liquid-crystalline phase transition (Feitosa 
et al., 2000; Linseisen et al., 1996). Others found with DSC two almost equally sized peaks 
(Benatti et al., 1999; Blandamer et al., 1998; Cocquyt et al., 2004). In this study, the reason 
for these conflicting observations was uncovered.  DSC and 1H-NMR were used to quantify 
the phase transition phenomena. Dynamic light scattering, turbidity, wide angle X-ray 
scattering (WAXS) and small angle X-ray scattering (SAXS) were used to characterize the 
aggregate structures formed. In a second part of this chapter, the effect of sonicating DODAB 
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vesicles was investigated. Using cryo transmission electron microscopy (cryo-TEM), the size 
and the shape of the resulting aggregate structures were seen whereas the thermal phase 
behaviour of these structures was investigated using DSC and 1H-NMR.   
 
In the fourth chapter, [chapter IV. Physicochemical characterization of SDS-DODAB 
electrostatic complexes] the effect of adding the negatively charged surfactant sodium 
dodecyl sulfate (SDS) to positively charged sonicated or non-sonicated DODAB vesicles was 
studied. Using isothermal titration calorimetry, the stoichiometry and strength of the complex 
was determined. The aggregate size and shape were determined using cryo-TEM. The 
aggregate surface charge density was measured with electrophoretic light scattering. Both 
SAXS and WAXS were used to further characterize the complex structure in detail. The 
thermal phase behaviour after addition of SDS was investigated using DSC and 1H-NMR and 
compared to the behaviour obtained after adding the salt NaBr. Comparing the first and 
second DSC runs allowed to evaluate the non-equilibrium properties of the interaction with 
SDS.         
 
In the fifth chapter [chapter V. Interaction kinetics of anionic surfactant with cationic 
vesicles] the equilibration kinetics after mixing anionic surfactants with cationic vesicles were 
studied. Time-resolved turbidity measurements were done to follow the flocculation kinetics. 
Combining this with time-resolved electrophoretic light scattering experiments to follow the 
surface charge density enabled us to quantify the importance of the electrostatic interactions 
in this flocculation process. Different types of vesicles were used in this study. The number of 
bilayers and the rigidity of the bilayers were varied.   
 
The sixth chapter [chapter VI. A phenomenological model for sorption of propranolol 
in DMPC vesicles]  deals with the sorption of the weakly basic drug propranolol (Ppn) into 
DMPC vesicles. Ppn is an amphiphilic molecule that can be protonated as it contains an 
amine group. It is used as a beta-blocking agent in medicine.  
In a first step, sorption of only the protonated analog into DMPC-vesicles was quantified 
using electrophoretic light scattering. The influence of Ppn concentration on the surface 
charge density of the vesicles was determined at pH 4, 7 and 8 and at each pH at different salt 
concentrations.    
In a second series of experiments, the sorption of both the non-protonated and the 
protonated analog of Ppn into DMPC-vesicles was quantified at pH 7 at different salt 
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concentrations. After the incubation period, the continuous phase was recovered by 
centrifugation. A colorimetric method was developed to determine the residual drug 
concentration in the continuous phase from which the amount of sorbed drug was calculated.  
Different models were developed to describe the experimental data. Using sensitivity 
analysis and other statistical tests, the ability of each model to deliver meaningful parameters 
was evaluated.      
 
When zwitterionic DMPC was mixed with anionic phospholipid DMPG, the efficiency of 
centrifugation to separate the vesicles from the continuous phase, decreased drastically. 
Therefore, phospholipid bilayer coated magnetite colloids - also called magnetoliposomes - 
were used to study the interaction of Ppn with negatively charged phospholipid bilayers 
[chapter VII. Sorption of propranolol in magnetoliposomes]. After the incubation period, 
the magnetoliposomes were separated from the continuous phase by a high-gradient magnetic 
field. The amount of propranolol which was not sorbed and thus resides in the continuous 
phase was determined using the colorimetric method mentioned above. Amounts Ppn sorbed 
in magnetoliposomes were recorded at pH 7 at different salt concentrations and with different 
fractions of DMPG in the bilayers. Sorption in conventional vesicles was compared to 
sorption in magnetoliposomes.  
    
The conclusions of this work and future perspectives are given in chapter VIII [chapter 
VIII. Conclusions and future perspectives].   
 
Then a summary of the thesis [Summary/Samenvatting], both in English and in Dutch, is 
provided. 
 
Following a compiled list of all cited references [Cited references], the MATLAB program 
that was used in chapter VI to fit the experimental data is included in the annex [Annex. 
Matlab program used in chapter VI],.   
  
Finally, the Curriculum Vitae of the author [Curriculum Vitae] is presented.  
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 Chapter II:  
Shear-induced transitions in the DDAB-water system 
 
2.1 Introduction 
Vesicles are usually not formed spontaneously (Laughlin, 1997). A planar lamellar phase is 
in most cases the equilibrium structure of vesicle-forming surfactants in water. Energy is 
needed to produce vesicles. Shearing is one way of transferring energy. Demé et al. (2002) 
found in a system comprising a negatively charged lipid in water that the transformation of a 
planar lamellar phase into vesicles upon shear proceeds via a state of strongly coupled 
undulating membranes, like it was mathematically predicted by Auernhammer et al. (2000). 
This state was also found as an intermediate between a planar lamellar phase and 
multilamellar vesicles in nonionic surfactant – water systems (Nettesheim et al., 2003) 
showing that this mechanism is quite general. Much work has been done to relate the changes 
in the rheological behaviour upon crossing this shear-induced transition to the microstructure 
(Panizza et al., 1998; Zipfel et al., 2001). This has resulted in the construction of non-
equilibrium diagrams, which represent the steady state adopted by the sytem under shear flow. 
In the present study, we combined small angle neutron scattering (SANS) and rheology to 
study shear-induced transitions in the didodecyldimethylammonium bromide – water system.   
 
2.2 Materials and methods 
2.2.1 Materials 
Didodecyldimethylammonium bromide (DDAB) with purity higher than 98 % was used as 
received from Tokyo Kasei Kogyo Co., Ltd. The density of DDAB in an aqueous dispersion 
is 1021 kg/m³ (Dubois and Zemb, 1991). Deuterium oxide (D2O) with purity higher than 
99.8 atom% D was used as received from Dr. Glaser (Switzerland). The density of D2O is 
1100 kg/m³.  Ultrapure water of Milli-Q-Plus quality was used.  
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2.2.2 Sample preparation  
Water or D2O at 35 °C was added to DDAB. During the first day the sample was kept at 
35 °C and was gently turned upside down from time to time to make it homogeneous. 
Thereafter the sample was left undisturbed for 2 days at 25 °C before the start of the 
measurement.   
 
2.2.3 Rheology  
The Physica UDS 200 Universal Dynamic Spectrometer equipped with TEZ180/UDS cup 
and Z3 DIN bob geometry was operated at 25°. The diameter of the bob was 25 mm. The air 
humidity was controlled at 100 %. The cup was always overfilled to avoid inclusion of air 
bubbles in the sample.  
 
2.2.4 Small angle neutron scattering (SANS)  
Neutron scattering experiments were done with the Riso National Laboratory (Denmark) 
equipment. A schematic illustration of the scattering geometry is given in Fig. 2.1.  
 
 
Figure 2.1. Schematic representation of the three pure orientations of the lamellae in 
the Couette cell where the direction perpendicular to the layers  is a: parallel to the 
neutral direction 
→
→
n
Z , b: parallel to the flow direction V  or c: parallel to the velocity 
gradient direction ∇ .  
→
⎯→⎯
V
 
The neutron wavelength was 5 Å. The sample-to-detector distance was 3 m to cover a range 
of scattering vector q between 0.002 and 0.14 Å-1. The scattered intensity was recorded by a 
two-dimensional position sensitive area (128 pixel × 128 pixel) detector. The temperature of 
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the sample was controlled within ± 2 °C by an external thermostatic water bath. All 
measurements were done using the through-view radial configuration; i.e. with the incident 
beam parallel to the velocity gradient direction. Thus, the neutron beam passed through the 
center of the cylinders yielding a total neutron path length of 2 times the gap. The scattered 
intensity was measured in the plane perpendicular to the velocity gradient direction. The inner 
cylinder radius Ri and outer cylinder radius Ro were 14.5 and 15.5 mm, respectively and the 
shear rate was calculated using )/(2 io RRNR −= πγ&  where N is the rotation frequency and 
R=(Ro+Ri)/2. The outer cylinder (stator) was fixed while the inner cylinder (rotor) rotated. 
The samples for SANS were first placed in the stator cup. Then the rotor is lowered in the cup 
causing the sample to rise in the gap between rotor and cup.  
  
2.2.5 Light microscopy 
An Axioplan Universal light microscope (Carl Zeiss), equipped with a high-sensitive SIT C 
video-camera system and an Argus-20 image processor (Hamamatsu Photonics, Japan), was 
used.  
  
2.3 Results  
2.3.1 Rheology 
Time-resolved rheology measurements were performed on DDAB in water samples with 
concentrations of 15.2 %(v/v) (Fig. 2.2), 19.7 %(v/v) (Fig. 2.3) and 24.6 %(v/v) (Fig. 2.4) 
DDAB.  
Each shear rate was maintained for several hours. At low shear rate the sample reached an 
equilibrium viscosity indicating that the DDAB aggregate structure did not change further 
upon shearing. At intermediate shear rates, the viscosity was still changing even after several 
hours of shear showing that the equilibrium structure at this shear rate is formed extremely 
slowly. At high shear rate, the shear stress became independent of the shear rate: a shear stress 
plateau is reached. This change in behavior indicates that a shear-induced phase transition 
took place. This transition was reversible: a similar viscosity was found when the shear rate 
was lowered again to the starting shear rate of 1 s-1 (Fig. 2.2). 
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Figure 2.2. Shear stress (full line) of a 15.2 %(v/v) DDAB dispersion in water at 25 °C 
at different shear rates (dashed line). 
 
     time (hours)
0 5 10 15 20 25
sh
ea
r s
tre
ss
 (P
a)
0
200
400
600
800
sh
ea
r r
at
e 
(s
-1
)
0
20
40
60
80
1 s-1 5 s-1
10 s-1
20 s-1
35 s-1
75 s-1
 
Figure 2.3. Shear stress (full line) of a 19.7 %(v/v) DDAB dispersion in water at 25 °C 
at different shear rates (dashed line). 
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Figure 2.4. Shear stress (full line) of a 24.6 %(v/v) DDAB dispersion in water at 25 °C 
at different shear rates (dashed line). 
 
2.3.2 Light microscopy 
The DDAB dispersions used in this study were too concentrated to be studied with a 
microscope. Therefore, a small piece of the gel obtained after shearing a 19.7 %(v/v) DDAB 
sample at 10 s-1 during 2 hours was gently put on a microscope glass and a drop of water was 
put just beside it. Fig. 2.5 shows a light microscopy image of the interface region between the 
concentrated DDAB dispersion and the water droplet. One could observe with light 
microscopy many vesicles larger than 1 µm that had been diffusing into the water droplet, 
whereas hardly any vesicles were seen in the water droplet if the 19.7 %(v/v) sample was only 
sheared at 1 s-1 during 2 hours (results not shown).   
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Figure 2.5. Light micrograph of the interface region between water and a 19.7 %(v/v) 
DDAB in water sample that was sheared at 10 s-1 during 2 hours. The interface is 
sketched as a black line. The scale bar is 10 µm.    
 
2.3.3 Small angle neutron scattering (SANS) 
Fig. 2.6 shows the result of SANS measurements on a 15.7 %(v/v) DDAB in D2O sample at 
different shear rates.  
The left charts show the SANS pattern, the right ones the intensity versus the scattering 
vector q integrated over all directions in the plane perpendicular to the velocity gradient 
direction. 
In a SANS experiment, a lamellar phase is expected to display scattering maxima for 
Dnq π2= where n = 1, 2, 3, … and D is the lamellar spacing. For all shear rates applied, the 
first reflection was found at q = 0.041 Å-1, corresponding to D = 153 Å. As the DDAB bilayer 
thickness is 24 Å (Dubois and Zemb, 1991) it follows that the ratio of the DDAB bilayer 
thickness over D is 0.157. This value fits perfectly with the volume fraction of the sample. 
Thus, the lamellar phase filled the sample space completely. Just after assembling the 
rheometer and before any rotation of the rotor, an anisotropic SANS pattern with scattering 
along the flow axis was obtained (Fig. 2.6a). As the rotor started rotating at 5 s-1 (Fig. 2.6b), 
the scattering pattern became more isotropic with some anisotropy along the neutral axis. 
Increasing the shear rate further makes the scattering pattern first even more isotropic 
(Fig. 2.6c) then again more anisotropic (Fig. 2.6d). 
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 Figure 2.6. Neutron scattering pattern perpendicular to the velocity gradient direction 
(left column) and intensity versus q (right column) of 15.7 %(v/v) DDAB in D2O, just 
after bringing in the rotor (a) and at shear rates 5 s-1 (b), 8 s-1(c) and 96 s-1 (d). 
 
An excellent means to visualize anisotropy is the circular averaged scattered neutron 
intensity plotted versus the orientation in the plane perpendicular to the velocity gradient 
direction. This is called the azimuthal trace. Hereby, the neutral direction was set to zero 
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angle, the angle was counted clockwise and the intensity was averaged in steps of 6° and in a 
q-band between the 2 q-values where the intensity is equal to one third of the height of the 
first reflection.   
Fig. 2.7 shows the azimuthal traces obtained at different shear rates of a 15.7 %(v/v) DDAB 
in D2O sample. At the lowest shear rate (5 s-1), the scattering pattern was markedly 
anisotropic. As the shear rate was increased, the azimuthal trace became almost perfectly flat. 
At higher shear rates, the scattering pattern got more anisotropic. At every shear rate, the ratio 
of sum of the 5 highest averaged intensities over the sum of the 5 lowest averaged intensities 
was calculated as a measure for the anisotropy. Fig. 2.8 shows that this ratio went through a 
minimum at 8 s-1.       
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Figure 2.7. Neutron scattering intensity of the first reflection obtained on 15.7 %(v/v) 
DDAB in D2O at shear rates 5 s-1(a), 8 s-1(b), 20 s-1(c), 48 s-1(d), 96 s-1(e), 190 s-1(f), 
360 s-1(g), 670 s-1(h) and 1370 s-1(i) circular averaged in the plane perpendicular to the 
velocity gradient direction and within a q-band corresponding to one third of the 
maximum height. For clarity reasons, all curves except for curve (a) were displaced on 
the intensity axis by 1 a.u. from the curve below.       
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The total scattered neutron intensity also contains information about the microstructure. 
Lamellae oriented parallel to the wall of the shear cell (the plane perpendicular to the velocity 
gradient direction) do not contribute to the total scattered neutron intensity. Fig. 2.8 shows 
that the total scattered neutron intensity by the 15.7 %(v/v) DDAB in D2O sample decreased 
with increasing shear rate.    
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Figure 2.8. Total scattered neutron intensity (filled symbols) and anisotropy (open 
symbols) of a 15.7 %(v/v) DDAB in D2O sample. 
 
2.4 Discussion 
Both rheological and SANS experiments were performed to gather information on the 
DDAB in water structure. The anisotropy of the neutron scattering pattern can be linked to the 
microstructure of the lamellar phase. Planar lamellar phases under shear are characterized by 
a preferred orientation resulting in anisotropic scattering patterns. In the radial configuration, 
scattering by lamellae parallel to the velocity gradient direction is recorded. Bringing in the 
rotor along the neutral axis orients the lamellae of a planar lamellar phase perpendicular to the 
velocity gradient axis. In this orientation the lamellae do not scatter any neutrons. However, 
lamellae which were oriented perpendicular to the flow direction are not affected by bringing 
in the rotor, causing the anisotropy along the flow axis typical for a planar lamellar phase 
(Fig. 2.6a). It was concluded from this experiment that the sample preparation method used in 
this study resulted in planar lamellar phases. The viscosity of this phase did not change upon 
shearing at 1 s-1, indicating that this shear treatment did not affect the microstructure 
(Fig. 2.2-2.4). 
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At 10 s-1 the viscosity of the 15.2 %(v/v) DDAB in water sample increased over time 
(Fig. 2.2). This is consistent with the production of vesicles (Roux et al., 1993). After 
shearing a 19.7 %(v/v) DDAB in water dispersion at 10 s-1 during 2 hours vesicles could be 
observed with light microscopy (Fig. 2.5). Because in spherical vesicles all lamella 
orientations are present to an equal extent, they show isotropic SANS scattering patterns. In 
the SANS experiment on a 15.7 %(v/v) DDAB in D2O sample, vesicles were produced 
already at a shear rate of 5 s-1 as the scattering pattern was much more isotropic (Fig. 2.6b) 
compared to the scattering pattern before the shear was turned on (Fig. 2.6a). At 8 s-1, the 
SANS pattern was almost perfectly isotropic (Fig. 2.6c). A drastic viscosity increase versus 
time was observed already at a shear rate of 5 s-1 in the samples containing 19.7 %(v/v) 
(Fig. 2.3) and 24.6 %(v/v) DDAB (Fig. 2.4) whereas no increase versus time was observed 
at 5 s-1 in the 15.2 %(v/v) sample (Fig. 2.2). It can thus be concluded that the vesicle 
boundary shifted to lower shear rates in samples as the DDAB concentration was increased. 
The oscillations of the viscosity at shear rates high enough to produce vesicles were 
explained in a similar system as a periodic structural change of the entire sample between a 
disordered and a ordered state of multilamellar vesicles (Wunenburger et al., 2001).  
As soon as the vesicle region was reached, the shear stress became independent of shear rate 
(Fig. 2.2-2.4). This shear stress plateau has also been observed in other lamellar lyotropic 
phases under stationary shear (Diat et al., 1993; Roux et al., 1993). Porte et al. (1997) have 
discussed shear banding in shear-induced phase transitions. An initially homogeneous flow 
becomes mechanically unstable. Such a flow finally evolves in some stationary state where 
bands of highly sheared liquid of low viscosity coexist with bands of more viscous fluid 
subjected to a lower shear rate. The applied stress is uniform throughout the material in this 
banded regime. Changes in the applied shear rate are adjusted by alteration of the relative 
volume fraction of the high versus the low shear rate bands. A planar lamellar phase under 
shear is characterized by anisotropy along the neutral axis because rotation provides no 
driving force to change the orientation of lamellae which are oriented perpendicular to the 
neutral direction. SANS patterns became again more anisotropic when the shear rate increased 
above 8 s-1 (Fig. 2.6d). The obtained azimuthal traces (Fig. 2.7) are consistent with the shear-
induced separation into bands of a high-viscous MLV-phase and a low viscous planar lamellar 
phase. Also the decrease in the scattered intensity upon increasing shear rate (Fig. 2.8), 
indicating that more lamellae are oriented perpendicular to the velocity gradient direction, is 
consistent with this model. The shear stress plateau indicates a shear banding phenomenon 
with a low viscosity phase coexisting with the viscous MLV-phase. Unfortunately the SANS 
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shear cell could not reach sufficiently high shear rates to verify the existence of  this low 
viscous phase.   
 
2.5 Conclusions 
This chapter describes a preliminary study of the shear-induced liposome formation in 
cationic lamellar dispersions. When a 15.7 %(v/v) DDAB in D2O dispersion was left 
undisturbed during 2 days, a planar lamellar phase was formed. A shear rate of 8 s-1 was 
sufficient to transform this planar lamellar phase into vesicles. Rheology experiments showed 
that this transition occurs at lower shear rate when the DDAB concentration is higher. When 
the shear rate is further increased, the shear stress did not further increase and the neutron 
scattering pattern got again more anisotropic indicating that there is a coexistence between a 
vesicle phase and a planar lamellar phase at high shear rates.    
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 Chapter III:  
Thermal transitions of DODAB  
and DDAB vesicular dispersions*1 
 
3.1 Introduction  
Dioctadecyldimethylammonium bromide (DODAB) is a synthetic double- and long-chained 
cationic amphiphile forming vesicles (Fig. 1.1).  
Using differential scanning calorimetry (DSC), several authors observed for DODAB 
vesicles a single endothermic peak around 45 °C, which they ascribe therefore to the gel to 
liquid-crystalline phase transition temperature Tm (Barreleiro et al., 2002; Feitosa et al., 2000; 
Jung et al., 2000; Linseisen et al., 1996). However, based on a fluorescence investigation 
Sarpal and Durocher (1994) claimed that the phase transition temperature of DODAB vesicles 
is 36 °C whereas several authors found with DSC two almost equally sized endothermic peaks 
at 36 °C and at 45 °C (Benatti et al., 1999; Blandamer et al., 1992, 1995, 1998). The main aim 
of this study was to find the reason for these conflicting observations.  
In a second part, the effect of sonication on the thermal transitions of DODAB vesicles was 
examined. In earlier studies, sonicated DODAB dispersions were investigated with spin label 
probes (Benatti et al., 2001) and sonicated DODAC (Fig. 1.1) dispersions with fluorescence 
probes (Liu et al., 1992). It was concluded in both studies that after sonication above Tm part 
of the lipids were in the fluid state even at temperatures far below Tm. Similarly, Andersson et 
al. (1995) derived from the reduction kinetics of membrane bound cetylmethylviologen by 
dithionite that two kinds of lipid packing existed in sonicated dihexadecylphosphate (DHP) 
dispersions. However, due to the uncertainties of the distribution of the probe molecules in the 
fluid and in the solid regions, the results obtained by these authors were not quantitative. 
Therefore, the second aim of this study was to quantify the residual liquid fraction in 
sonicated dispersions below Tm.  
A particular feature of the DODAB-water system is the occurrence of a two-phase region 
above Tm at DODAB concentrations between about 28 and 60 %(m/m) DODAB (Schulz 
                                                 
* Redrafted from: Cocquyt, J.; Olsson, U.; Olofsson, G.; Van der Meeren, P. 2005. Thermal transitions of 
DODAB vesicular dispersions. Colloid and Polymer Science. (in press) 
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et al., 1998). Only above 100 °C, a single lamellar phase was found. A similar two-phase 
region was observed in the didodecyldimethylammonium bromide (DDAB)-water system 
(Caboi and Monduzzi, 1996), but in this system the single lamellar phase was already found 
at a temperature of 85 °C. In the third part of this chapter, we investigated the structural 
changes taking place upon cooling samples from this high-temperature single lamellar phase 
into the two-phase region above Tm or into the gel-state below Tm. Hereby, the DDAB in 
water system was preferred.     
   
3.2 Materials and methods 
3.2.1 Chemicals 
Dioctadecyldimethylammonium bromide (DODAB) with purity better than 99 % was used 
as received from Acros Organics (Belgium). Didodecyldimethylammonium bromide (DDAB) 
wih purity higher than 98 % was used as received from Tokyo Kasei Kogyo Co., Ltd. 
Dioctadecyldimethylammonium chloride (DODAC) with purity better than 97 % was used as 
received from Alfa Aesar (Germany). Dihexadecylphosphate (DHP) with purity better than 
99 % was used as received from Aldrich. The water used to make the DHP dispersions 
contained an equimolar amount of NaOH. Deuterium oxide (D2O) with purity higher than 
99.8 atom% D was used as received from Dr. Glaser (Switzerland). Ultra-pure water of Milli-
Q-Plus quality was used. 
 
3.2.2 Preparation of non-sonicated vesicle dispersions  
Samples were gently stirred at 65 °C during 2 h using a magnetic stirrer. Unless otherwise 
stated, the samples were then cooled in a water bath at room temperature during 30 minutes.  
 
3.2.3 Preparation of sonicated vesicle dispersions  
First, 0.20 grams of DODAB was added to 40.0 ml of water and heated to 55 °C. The 
sample was then sonicated in a 60 ml flat-bottomed cylindrical recipient with diameter 3.6 cm 
using a Vibra Cell VC600 (Sonics Materials, Newtown, U.S.A.) probe sonicator at half of its 
maximum power. The 13 mm flat tip probe was submersed approximately two thirds of the 
liquid height. The power monitor indicated 20 %. During sonication, the sample was kept in a 
water bath at 55 °C. After every 2 minutes of sonication, the sample was left at rest in the
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waterbath during at least 3 minutes. Also to prevent heating of the sample, a 50 % duty cycle 
was selected. The sonication time was always 5 minutes in total. After sonication, the sample 
was cooled in a water bath at room temperature during at least 30 minutes and was then 
diluted.   
 
3.2.4 Proton nuclear magnetic resonance (1H-NMR)  
Proton-NMR measurements on vesicle dispersions were performed with a Bruker Avance 
DRX500 NMR spectrometer, operating at 500.2 MHz using an inverse broadband probe-
head. A 30 ° pulse and a 5 seconds repetition time were applied to the 64 scans performed. 
The preparation of the samples for NMR differed slightly from the method described above. 
DODAB was diluted to 6 mM in 15 ml D2O (Dr Glaser, Basel, Switzerland) of at least 
99.8 atom% D. The dispersion was brought to 55 °C and sonicated as described above except 
for the total sonication time and the duty cycle, which were 3 minutes and 30 %, respectively. 
The water impurity in the D2O was used as an internal reference. In temperature series, the 
sample was first measured at the highest temperature and then at selected temperatures upon 
cooling. Temperature equilibrium was allowed to establish during 10 minutes before the start 
of the measurement. The temperature accuracy was 0.01 °C. 
  
3.2.5 Differential scanning calorimetry (DSC) 
 A high-sensitivity differential scanning calorimeter Microcal VP-DSC (Microcal Inc., 
Northampton, U.S.A.) equipped with 0.5 ml twin total-fill cells was used.  
 
3.2.6 Turbidity  
The turbidity was measured at a wavelength of 633 nm using a Shimadzu UV-VIS 1205 
spectrophotometer. A 1 mm path-length quartz cuvet was used. The sample cuvet was 
equilibrated at selected temperatures in an external water bath. It was then taken out and the 
turbidity was measured as quickly as possible. Water was used as a reference.  
 
3.2.7 Dynamic light scattering (DLS) 
 A Photon Correlation Spectrometer 4700 (Malvern, U.K.) was used, provided with a 
vertically polarized 10 mW laser with a wavelength of 633 nm. The scattering angle was 90 ° 
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and the detector aperture was 100 µm. The particle size was derived from the autocorrelation 
function using the cumulant analysis method (Jin et al. 1999).   
  
3.2.8 X-ray scattering  
The X-ray scattering experiments were done on the beamline ID02 at the European 
Synchrotron Radiation Facility (ESRF) in Grenoble (France). A detailed description of the 
beamline layout was made by Narayanan et al. (2001). The wavelength was 0.1 nm 
corresponding to a photon energy E of 12.4 keV and the energy resolution ∆E/E was about 
2 × 10-4. The measurement time was 0.5 seconds. Small angle X-ray scattering (SAXS) was 
done with an X-Ray Image Intensifier (Thomson TTE, TH 49-427) lens coupled to the 
FreLoN slow scan scientific CCD camera (ESRF, France) in a q-range between 0.3 and 
2.7 nm-1. The sample to detector distance was 2 m. Wide angle X-ray scattering (WAXS) was 
done with a Micro Channel Plate - based XRII (Proxitronic) lens coupled to a 16 bit Princeton 
frame transfer multi-pin phasing CCD in a q-range between 5 and 35 nm-1.  
 
3.2.9 Cryo-transmission electron microscopy (cryo-TEM)  
Thin (100 nm thick) films of DODAB dispersions were created in a controlled way on 
Lacey carbon film grids (Pelco Int., Redding, U.S.A.). The films were vitrified from 25 °C by 
quick submersion in liquid ethane at –177 °C. Subsequently, the samples were transferred in 
liquid nitrogen and kept at –180 °C during transfer into the microscope and during 
observation to prevent the formation of ice crystals. An Oxford CT3500 cryo-holder was 
used. The samples were investigated with a Philips CM210 BioTWIN Cryo transmission 
electron microscope, operated at 120 kV. Images were digitally recorded with a Gatan 
MSC791 CCD camera under low dose conditions. 
 
3.2.10 Small angle neutron scattering (SANS) 
 The experimental setup was like described in chapter II except for the sample-to-detector 
distance, which was 1.2 m in order to measure at scattering vectors q up to 0.34 Å-1. The 
samples were sheared at 100 s-1 only upon heating to the monophasic region above 80 °C. No 
shear was applied in the remaining part of the experiments.    
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3.3 Results  
3.3.1 Thermal transitions in non-sonicated DODAB dispersions  
Examples of DSC results on non-sonicated 5.47 mM DODAB vesicle dispersions are 
shown in Fig. 3.1. An overview of the temperatures at the peak maxima and the enthalpy 
changes observed is shown in Table 3.1. This freshly prepared 5.47 mM DODAB dispersion 
was filled into the sample cell at 25 °C. The temperature was lowered and kept at 1 °C for 
5 minutes before starting an upscan to 65 °C. The thermogram showed two large, closely 
similar, endothermic peaks with maxima at 36.0 °C and 44.3 °C and enthalpy changes of 
43.6 kJ/mol and 45.9 kJ/mol respectively (Fig. 3.1a, curve a). In DODAB vesicle dispersions 
conditioned below 15 °C, we denote the state below 36.0 °C state I, between 36.0 °C and 
44.2 °C state II, and above 44.2 °C state III (Fig. 3.1a). After 5 minutes at 65 °C, a downscan 
to 1 °C was made (Fig. 3.1a, curve b). Besides an exothermic peak at 38.8 °C with an 
enthalpy change of -43.6 kJ/mol, there was another exothermic peak starting at 13.7 °C. A 
second upscan looked the same as the first scan. These experiments were made at a scan rate 
of 1 °C/minute. When the downscan rate was -0.33 °C/minute, the low temperature 
exothermic transition started at 19.6 °C, reached a maximum at 12.8 °C and was characterized 
by an enthalpy change of –33.1 kJ/mol (Table 3.1).  The return to the baseline showed that the 
transition was completed (Fig. 3.1a, insert). Within limits of experimental errors, the same 
results were found for a 25 mM DODAB dispersion. Thus, samples that had equilibrated at 
temperatures well below 25 °C showed two, about equally sized, endothermic peaks as was 
seen by several authors (Benatti et al., 1999; Blandamer et al., 1992, 1995, 1998). Both peaks 
in the heating mode had a symmetric shape characteristic for a two-state transition (Hinz and 
Sturtevant, 1972). The exothermic peak at 38.8 °C in the cooling mode was asymmetric with 
a sharp descent indicating undercooling.  
If the freshly prepared 5.47 mM DODAB vesicle dispersion was first kept in the DSC cell 
at 20 °C for 5 minutes, there was only one peak at 44.2 °C with an enthalpy change of 
46.5 kJ/mol in the subsequent upscan (Fig. 3.1b, curve a). In the downscan from 65 °C after 
5 minutes waiting, a single exothermic peak at 38.9  °C with an enthalpy change of 
-43.9 kJ/mol was observed (Fig. 3.1b, curve b). Three additional upscans from 20 °C to 65 °C 
followed by downscans to 20 °C gave identical results (Table 3.1). The difference between 
the enthalpy changes for the upscan and downscan transitions is to a large extent due to 
premelting in the upscans seen as a deviation from the baseline well below the main peak.  
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The scan rate in these experiments was 1 °C/minute. These results fully agree with results 
reported by Barreleiro et al. (2002), Feitosa et al. (2000), Jung et al. (2000) and Linseisen et 
al. (1996).  
The uppermost curve in Fig. 3.1b shows the DSC upscan on the 5.47 mM DODAB sample 
after standing for seven days at room temperature. The appearance of a small additional peak 
at 36 °C indicates that the low-temperature exothermic transition proceeded slowly at room 
temperature. 
 
Table 3.1. Temperatures at the peak maxima Tmax and enthalpy changes ∆H observed 
during 4 different temperature programs on a 5.47 mM non-sonicated DODAB 
dispersion. The values between brackets are only approximative since these DSC peaks 
were not well resolved making the integration difficult.       
Tmax (°C) ∆H (kJ/mol) sample 
pretreatment 
temperature 
range (°C) 
scan-rate  
(°C/minute) 
I↔II   II↔III I↔II II↔III 
20´65 1 36.1 44.2 0.2 46.5 
65´20 -1 - 38.9 - -43.9 
20´65 1 36.1 44.1 0.1 47.0 
65´20 -1 - 38.9 - -44.0 
20´65 1 36.0 44.3 0.2 46.5 
65´20 -1 - 39.0 - -43.9 
20´65 1 36.1 44.2 0.2 46.5 
directly after 
preparation 
65´20 -1 - 38.8 - -43.9 
25´1 -1 8.5 - (-17.1) - 
1´65 1 36.0 44.3 43.6 45.9 
65´1 -1 7.7 38.8 (-17.1) -43.6 
directly after 
preparation 
1´65 1 36.0 44.3 43.4 46.1 
25´1 -0.33 12.8 - -33.1 - 
1´65 0.33 35.8 44.1 45.2 48.0 
65´1 -0.33 11.7 39.5 -35.1 -49.9 
directly after 
preparation 
1´65 0.33 35.8 44.1 43.7 47.7 
7 days after 
preparation 
25´65 1 36.3 44.3 1.9 46.3 
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Figure 3.1. DSC thermograms of a 5.47 mM non-sonicated DODAB dispersion (a) 
insert: downscan from 25 °C ;  a: first upscan ; b: subsequent downscan (b)  a: first 
upscan ; b: subsequent downscan ; c: upscan 7 days after preparation at room 
temperature. The scan rate was 1 °C/minute except in the insert where it was 0.33 
°C/minute. For clarity, curves have been displaced on the heat capacity axis. The 
absolute scaling in the insert is the same as in the rest of the figure.   
 
Comparing the DSC scans at the bottom of Fig. 3.1a and Fig. 3.1b, it is obvious that the 
transition from state II to state III at 44.2 °C was not affected by the presence of the transition 
I → II at 36.0 °C. This indicates that the peak observed in the downscans at 38.9 °C is caused 
by the transition III → II which is undercooled by a couple of degrees as compared to the 
upscans. The transition II → I seemed to be inhibited upon cooling. Only around 15 °C this 
transition was initiated. Because this transition occurs so close to ambient temperatures, small 
temperature variations upon storage made that some researchers (Barreleiro et al., 2002; 
Feitosa et al., 2000; Jung et al., 2000; Linseisen et al., 1996) have seen only one peak while 
others (Benatti et al., 1999; Blandamer et al., 1992, 1995, 1998) have seen two peaks in DSC 
upscans.  
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Due to line broadening, essentially no signals from the alkyl chains were seen in 1H-NMR 
spectra of a 6 mM non-sonicated DODAB dispersion in D2O at 25 °C, i.e. where the DODAB 
alkyl chains are in the gel state. Heating the sample above the gel to liquid-crystalline phase 
transition temperature Tm makes the signal appear because alkyl chains in the fluid state give 
narrower NMR bandwidths due to faster local anisotropic motions (Wennerström and Ulmius, 
1976). Thus, the integrated 1H-NMR signal intensities can be used to estimate the fraction of 
fluid alkyl chains. Fig. 3.2 shows the fraction of alkyl chains detected with 1H-NMR at 
various temperatures assuming that at 70 °C all alkyl chains are fluid and thus detected.  
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Figure 3.2. DODAB alkyl chain fraction detected with 1H-NMR at various temperatures 
in a 6 mM non-sonicated DODAB in D2O dispersion. It was assumed that all DODAB 
was detected at 70 °C.  
 
It is clear from Fig. 3.2 that the DSC peak at 44.2 °C corresponds to the melting of alkyl 
chains. Accordingly this temperature was denoted as the main transition temperature Tm. The 
drop in the pyrene fluorescence anisotropy at this temperature as observed by Benatti et al. 
(1999) is consistent with this assignment. 
 
The turbidity of a 5.7 mM non-sonicated DODAB sample was measured at selected 
temperatures upon cooling at a rate of about -0.2 °C/minute in an external water bath from 
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60 °C to 3 °C. After preparation at 65 °C, samples for turbidity measurements were cooled 
down to 60 °C and kept unstirred at this temperature until the start of the experiment. 
Turbidity is plotted against the water bath temperature in Fig. 3.3a. The temperature of the 
sample during the measurements may differ somewhat from this temperature. Upon cooling, 
turbidity increases steeply around 15 °C. When the sample was heated immediately thereafter, 
the high turbidity remained constant up to about 35 °C when a sudden drop was observed. 
After staying constant for about 10 °C the turbidity further decreased to a constant level at 
about 55 °C. When this sample was slowly cooled from 60 °C down to 20 °C, the turbidity 
increased slightly around 40 °C and then stayed constant. In the subsequent upscan there were 
no drastic changes (results not shown).  
In Fig. 3.3a, also the particle size in a 1 mM DODAB sample measured with dynamic light 
scattering (DLS) at several temperatures is shown. As DLS has difficulties measuring broad 
size distributions (Dyuzheva and Klyubin, 2003), the non-sonicated sample was extruded 10 
times through polycarbonate membranes with 100 nm pore size (Whatman, U.K.) at 60 °C 
and at 7 bar in order to obtain a narrow size distribution. This treatment only slightly changed 
the melting behaviour observed with DSC. An upscan of a 1.00 mM extruded DODAB 
dispersion after cooling down  to 1 °C at 0.33 °C/min gave a peak of 41.3 kJ/mol at 35.0 °C 
and a peak of 44.7 kJ/mol at 43.9 °C.   
After extrusion, the sample was cooled to 25 °C, then the particle size was measured at 
selected temperatures while first cooling and then heating the sample in the equipment. It is 
clear from Fig. 3.3a that the vesicle size hardly varied with temperature. After the complete 
temperature cycle, the size measured at 25 °C was within experimental error equal to the size 
measured at the start of the experiment.    
In a second series of experiments, the turbidity of samples, which were quenched from 60 
°C by placing the sample cuvet in a water bath at 6 °C, 15 °C and 19 °C, respectively, was 
measured versus time. The turbidity increased fast at the lower temperatures but rather slowly 
at 19 °C (Fig. 3.3b).      
 -33-
Chapter 3 
temperature (°C)
0 10 20 30 40 50 60
tu
rb
id
ity
 (1
/m
)
40
60
80
100
120
140
160
pa
rti
cl
e 
si
ze
 (n
m
)
80
90
100
110
120
130
140
(a)
time (min)
0 50 100 150
tu
rb
id
ity
 (1
/m
)
60
80
100
120
6 °C
15 °C
19 °C
(b)
 
Figure 3.3. (a) Turbidity of 5.7 mM non-sonicated DODAB where the temperature was 
first decreased from 60 °C to 3 °C (z) and then increased from 3 °C to 60 °C (|) and 
particle size of a 1 mM extruded DODAB sample where the temperature was first 
decreased from 25 °C to 5 °C (▲), then increased from 5 °C to 60 °C (∆) and then 
decreased to 25 °C (+).  (b) Temperature-quenched turbidity of a 5.9 mM DODAB 
sample from 60 °C to 6 °C (z), 15 °C (|) and 19 °C (T).  
 
Synchrotron small and wide angle X-ray scattering experiments were done on a 10.4 mM 
and a 25.5 mM DODAB in water dispersion (Fig. 3.4). After preparation above Tm, part of 
each dispersion was cooled to 5 °C during 1 night whereas the rest of the dispersion was 
heated to 65 °C in an oven during 2 hours. Immediately after this temperature treatment, all 
samples were brought to 25 °C and measured at this temperature. Doing so, the sample that 
was cooled to 5 °C is in state I during the measurement while the sample that was heated to 
65 °C, is in state II.  
In the SAXS spectrum of state I (Fig. 3.4a and 3.4c), there was a large peak at 1.75 nm-1, 
corresponding to a distance of 3.6 nm, which is characteristic for the DODAB dihydrate 
crystal lamellar phase (Jung et al., 2001). Also the WAXS spectrum found at 25.5 mM 
DODAB (Fig. 3.4d) is the typical pattern for this DODAB dihydrate crystal (Jung et al., 
2001). At a concentration of 10.4 mM, the WAXS spectrum was not well-resolved (Fig. 3.4b) 
but qualitatively confirmed the results obtained at 25.5 mM DODAB. The dihydrate crystal 
was observed before in the DODAB/water systems below the melting temperature at 
concentrations of 20 % (Jung et al., 2001) or higher (Kodama et al., 1990) and was referred to 
as a coagel phase. The present X-ray results seem to indicate that transition II → I is 
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accompanied by a dehydration reaction resulting in the presence of the dihydrate DODAB 
crystal. However, there is no evidence in these data that all DODAB is in the dihydrate crystal 
form in state I.            
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Figure 3.4. Synchrotron X-ray scattering on 10.4 mM (a and b) and 25.5 mM (c and d) 
DODAB in water at 25 °C under small (a and c) and wide angles (b and d) where each 
sample was measured in state I (full lines) and state II (dash-dot lines). The same scaling 
was used in the charts (a) and (c) and also in charts (b) and (d).   
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3.3.2 Thermal transitions in sonicated DODAB dispersions  
Fig. 3.5 shows the DSC results on a sonicated 5.62 mM DODAB sample. An overview of 
the temperatures at the peak maxima and the enthalpy changes observed after sonication is 
shown in Table 3.2. The enthalpy of the exothermic peak in a downscan at –0.33 °C/min from 
25 °C to 1 °C was reduced by about 80 % upon sonication (Fig. 3.5a, insert and Table 3.2). 
The subsequent upscan (Fig. 3.5, curve a) at 1 °C/min showed a broad transition starting at 
33 °C and ending at 46 °C with maxima at 36.1, 38.3 and 44.1 °C and a total enthalpy change 
of 47.2 kJ/mol. Sonication broadened both transitions and reduced the sum of the enthalpies 
from 89.5 kJ/mol (Table 3.1) to 47.2 kJ/mol (Table 3.2), i.e. by roughly 50 %.  
 
Table 3.2. Temperatures at the peak maxima Tmax and enthalpy changes ∆H observed 
during 2 different temperature programs on a 5.62 mM sonicated DODAB dispersion. 
(NI=not identifiable) 
Tmax (°C) ∆H (kJ/mol) temperature 
range (°C) 
scan-rate (°C/ 
minute) 
I↔II  II↔III I↔II II↔III 
25´1 -0.33 11.6 - -6.6 - 
1´65 1 36.1 / 38.3 44.1 47.2 
65´1 -1 NI 38.9 -37.4 
1´65 1 36.0 / 38.1 44.0 48.6 
25´60 1 37.3 43.0 36.7 
60´25 -1 NI 38.8 -34.2 
25´60 1 37.7 43.9 37.5 
60´25 -1 NI 38.9 -34.8 
25´60 1 37.7 43.0 37.9 
60´25 -1 NI 38.7 -35.1 
25´60 1 37.8 42.9 38.2 
60´25 -1 NI 38.8 -35.3 
25´60 1 37.7 43.1 38.2 
60´25 -1 NI 38.9 -35.6 
 
The subsequent downscan at –1 °C/min after waiting 5 minutes at 65 °C showed a sharp 
peak at 38.9 °C that continued as a broad exothermic bulge down to 25 °C (Fig. 3.5a, curve 
b). The deviation from the baseline on further decreasing the temperature to 1 °C was hardly 
observable. A second scan up to 65 °C showed the same features as the first upscan. When the 
freshly prepared 5.62 mM sonicated DODAB sample was cooled down to 25 °C, the 
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subsequent upscan showed only two maxima and the total enthalpy change was only 
36.7 kJ/mol. The shape of the subsequent downscan after waiting for 5 min at 65 °C 
(Fig. 3.5b, curve b) was similar to the one observed in the sample that was cooled below room 
temperature (Fig. 3.5a, curve b) and the enthalpy change was –34.2 kJ/mol. Subsequently, 4 
additional up- and downscans were performed. The shape of the transition did not alter, but 
the enthalpy change increased slightly. After sonication, only about 20 % of the transition II 
→ I occurs below room temperature.  The major part of this transition now occurs at about the 
same temperature as the reverse transition I → II. Thus the greater part of the hysteresis 
effect, which indicates undercooling, has vanished after sonication.    
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Figure 3.5. DSC thermograms of 5.62 mM DODAB dispersion after sonication (a) 
insert: downscan from 25 °C ; a: first upscan ; b: subsequent downscan (b)  a: first 
upscan ; b: subsequent downscan ; Scan rate was 1 °C/minute except in the insert 
where it was 0.33 °C/minute. For clarity, curves have been displaced on the heat 
capacity axis. The absolute scaling in the insert is the same as in the rest of the figure 
and as in Figure 3.1.   
 
In Fig. 3.6a, the proton nuclear magnetic resonance (1H-NMR) spectrum of a 3 mM 
sonicated DODAB dispersion in D2O is shown at 25 and 55 °C, i.e. below and above the main 
gel to liquid-crystalline transition temperature of aqueous DODAB dispersions. For 
comparison, the spectrum of a non-sonicated DODAB dispersion in D2O at 25 °C is included. 
The extreme line broadening in the latter spectrum was expected since the size of the non-
sonicated vesicles is in the order of hundreds of nanometers and the alkyl chains are solid-like 
(Benatti et al., 2001). Above Tm, the signal appeared. At 70 °C, all DODAB is assumed to be 
detected. Therefore 1H-NMR can be used to estimate the fluid fraction. In Fig. 3.6b, the 
 -37-
Chapter 3 
DODAB fraction detected with 1H-NMR at various temperatures is shown. After sonication, 
the integrated DODAB 1H-NMR signal intensity at 25 °C, which is far below Tm, was still 
about 48 + 4 % of the value at 70 °C, whereas this fraction was only 15 % before sonication 
(Fig. 3.2). The standard deviation is the result of 3 independent measurements. This 1H-NMR 
result is in agreement with the observation that the melting enthalpy of the sonicated DODAB 
sample was about 50 % lower than the melting enthalpy of the non-sonicated sample.   
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Figure 3.6. (a) 1H-NMR spectra of a 3 mM DODAB dispersion in D2O. a: sonicated, 
measured at 55 °C ; b: sonicated, measured at 25 °C ; c: non-sonicated, measured at 25 
°C (For clarity, the curves have been displaced on the NMR intensity axis). (b) DODAB 
fraction detected with 1H-NMR at various temperatures in sonicated 3 mM DODAB 
dispersions. At 70 °C, all DODAB is assumed to be detected. Measurements at 25 °C 
were done on 3 independent samples to show the reproducibility.  
 
After sonicating a dispersion in D2O of 5.93 mM DODAC, which is the chloride analogue 
of DODAB with a Tm around 47 °C (Feitosa et al., 2000), about 66 % of the 1H-NMR signal 
measured at 70 °C was also detected at 25°C whereas this fraction was only 11 % before 
sonication.  
1H-NMR experiments were also done on a 6.1 mM dispersion of the negatively charged 
lipid dihexadecylphosphate (DHP) in D2O before and after sonication above Tm, which is 
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68 °C (Humphrey-Baker et al., 1991) (Fig. 3.7). It is clear that also in this case a considerable 
fraction of the lipids remained fluid upon cooling a sonicated dispersion below Tm.  
Smith (1981) sonicated 2-3 %(m/m) aqueous dispersions of dipalmitoylphosphatidyl 
choline (DPPC), a zwitterionic phospholipid with a Tm close to that of DODAB with a tip 
sonicator during 20 minutes above Tm. Like the sonicated DODAB, DODAC and DHP 
dispersions, the sonicated DPPC dispersions were completely translucent indicating that small 
vesicles were formed. On the other hand, the 1H-NMR signal of these sonicated DPPC 
dispersions was extremely broadened and therefore hardly discernable upon cooling below 
Tm.   
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Figure 3.7. DHP fraction detected with 1H-NMR at various temperatures in a 6.1 mM DHP 
dispersion in D2O before (○) and after (●) sonication above Tm. At 75 °C, all DHP is 
assumed to be detected.  
 
The above experiments indicate that mainly vesicles made of charged lipids showed a 
considerable fluid fraction upon cooling below Tm after an intensive sonication treatment 
above Tm.  
A cryo-TEM micrograph of sonicated DODAB vesicles after cooling below Tm is shown in 
Fig. 3.8. The dominant structures in the micrograph were prolate cigar-like vesicles with 
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longest diameter of approximately 50 nm. Smaller triangularly shaped structures and planar 
sheets were observed as well. Spherical vesicles were not observed. Above Tm, however, 
Jung (2000) showed by means of cryo-TEM that extruded DODAB vesicles with a diameter 
of 100 nm were spherical.  
 
 
Figure 3.8. Cryo-TEM micrograph of a sample containing 3.0 mM DODAB in water 
after sonication. The specimen was vitrified from 25 °C. Bar equals 100 nm. 
 
Pansu et al. (1990) claimed that sonication of a DODAC dispersion mainly produced bilayer 
fragments. Feitosa and Brown (1997) subjected DODAB in water to a bath sonication above 
Tm and found a bimodal size distribution at 25 °C by dynamic light scattering. These authors 
proposed that the particles with a hydrodynamic radius of 20 nm were vesicles and that the 
smaller fraction with hydrodynamic radius of 6 nm were bilayer fragments. The structures 
seen with cryo-TEM in our study are hardly different from the ones in the electron 
micrographs of Andersson et al. (1995), who subjected DODAB in water to a comparable 
sonication treatment above Tm. They concluded from cryo-TEM that small vesicles of 
charged lipids tend to break up in bilayer fragments upon cooling below Tm after preparation. 
However, it cannot be excluded that some of the structures observed by cryo-TEM may result 
from shear forces applied in the preparation of the very thin specimen. Humphrey-Baker et al. 
(1991) avoided these effect by using freeze-fracture electron microscopy and concluded that 
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sonication of a dihexadecylphosphate dispersion produced spherical vesicles whereas 
Hammarström et al. (1995) found mainly open and folded bilayer fragments in roughly the 
same sample with cryo-TEM.   
 
3.3.3 Phase transition kinetics in temperature-quenched concentrated 
DDAB dispersions  
The aggregate structure of a 51.1 %(v/v) didodecyldimethylammonium bromide (DDAB) in 
D2O dispersion at 83 °C is a single lamellar phase (Zemb et al., 1993). Cooling this dispersion 
below 75 °C results in the coexistence of 2 lamellar phases (Caboi and Monduzzi, 1996). 
From the SANS peak positions, the 2 DDAB bilayer repeat distances were estimated at 
different temperatures upon slow cooling in a waterbath at 5 °C. In a SANS experiment, a 
lamellar phase is expected to display scattering maxima for q = 2πn/D where n = 1, 2, 3, … 
and D is the bilayer repeat distance. From this distance, the DDAB concentration in each 
lamellar phase was calculated using a DDAB bilayer thickness of 24 Å (Dubois and Zemb, 
1991) (Fig. 3.9).  
Upon cooling below 12 °C, which is a few degrees below the gel to liquid-crystalline phase 
transition temperature (Tm) (Kajiyama et al., 1979), a solid lamellar phase containing hardly 
any D2O was found to coexist with a phase that was so dilute that the corresponding SANS 
peak was too close to the beamstop to be accurately detected. Due to this uncertainty, the 
latter phase is represented as a dashed line in Fig. 3.9.  
In a second experiment, a 66.0 %(v/v) DDAB in D2O single lamellar phase at 85 °C was 
cooled down to 37 °C within two minutes by spraying liquid nitrogen on the sample holder 
before the SANS pattern was recorded. It was found that the phase splitting was already 
completed within these two minutes as the SANS peaks occurred at the same positions that 
were also obtained upon slowly cooling the 51.1 %(v/v) sample from the single lamellar 
phase region down to this temperature. 
In a third experiment, a 49.9 %(v/v) DDAB in D2O single lamellar phase at 84 °C was 
cooled down below Tm. At 84 °C, a typical anisotropic SANS pattern for a sheared lamellar 
phase was found (Fig 3.10a). Then the shear was turned off and the sample was temperature-
quenched to 9 °C using the liquid nitrogen method. It was seen that phase splitting had 
already occurred within 2 minutes after temperature-quenching. The ring at large q indicated 
the presence of the solid dehydrated lamellar phase (Fig. 3.10b). The increased scattering just 
around the beamstop showed that this highly concentrated phase coexisted with a dilute 
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DDAB phase. Then this sample was left undisturbed coming to thermal equilibrium while the 
SANS pattern was recorded at specific times and temperature (Fig. 3.10c and Fig. 3.10d). The 
composition of the lamellar phases observed at the different temperatures is given in Fig. 
3.11.  
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Figure 3.9. DDAB composition of the coexisting lamellar phases obtained during slow 
cooling (circles) starting from a 51.1 %(v/v) DDAB in D2O sample at 83 °C (black circle 
containing white cross) and upon fast cooling a 66.0 %(v/v) DDAB in D2O down to 37 °C 
(crosses). The triangle represents the highest temperature of the two-phase coexistence 
region found by Caboi and Monduzzi (1996). The dotted line indicates the phase 
boundary between the two coexistence regions. The low concentrated phase coexisting 
with the high concentrated solid phase is indicated as a dashed line indicating the 
uncertainty of its location.                 
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Figure 3.10. At the left: SANS pattern of a 49.9 %(v/v) DDAB in D2O dispersion a: 
before temperature-quenching, b: immediately after temperature-quenching, c and d: 
upon further equilibrating to room temperature. The time after temperature-quenching 
and the temperature are indicated at the left side of the SANS pattern. At the right: 
schematic overview of the different lamellar phases.        
 
At 17 °C, which is also the Tm of DDAB found using DSC by Kajiyama et al. (1979), the 
solid phase melted and the SANS reflections of the 2 coexisting liquid-crystalline DDAB 
phases appeared. The inner two rings in Fig. 3.10c and Fig. 3.10d are the first and second 
reflections of the low-concentrated phase while the outer ring is the first reflection of the 
high-concentrated phase. Comparing the SANS patterns in Fig. 3.10c and Fig 3.10d, it was 
clear that the inner rings are getting larger as the temperature gets higher, while the diameter 
of the outer ring was hardly affected by the temperature. It follows that the low-concentrated 
phase gets more concentrated upon increasing the temperature which is only possible by 
transport of DDAB bilayers from the concentrated phase. This did not alter the DDAB 
concentration of the latter phase as evidenced by the peak maximum which is not shifted with 
temperature. Thus, the volume fraction of the concentrated phase decreases with temperature. 
This mechanism is schematically illustrated on the right side of the scattering patterns in 
Fig. 3.10c and Fig 3.10d.       
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Figure 3.11. DDAB composition of the coexisting lamellar phases obtained during 
thermal equilibration without shear after temperature-quenching a 49.9 %(v/v) DDAB in 
D2O dispersion from 84 °C to 9 °C. The dotted line indicates the phase boundary 
between the two coexistence regions. The low concentrated phase coexisting with the 
high concentrated solid phase is indicated as a dashed line indicating that its exact 
location is uncertain.      
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3.4 Discussion 
From the DSC experiments (Table 3.1), it was deduced that the main alkyl chain melting 
transition II → III in non-sonicated DODAB dispersions was at 44 °C. This transition has 
similar features as the main transition of the phopholipid distearoylphosphatidyl choline that 
occurs with an enthalpy change of 43.4 kJ/mol lipid in dilute aqueous suspension (Hinz and 
Sturtevant, 1972). On the other hand, the enthalpy change of 43.6 kJ/mol at 36 °C for 
DODAB vesicles (Table 3.1) shows that this I → II transition differs from the pretransition 
observed for the corresponding phosphatidyl choline vesicles where the enthalpy change was 
only 5.9 kJ/mol (Hinz and Sturtevant, 1972).  
Turbidity measurements confirm that the transition seen in the DSC downscan below room 
temperature is the undercooled transition II → I corresponding to the I → II transition seen at 
36 °C in the upscan curves (Fig. 3.3a). As the particle size did not increase (Fig. 3.3a) upon 
cooling, it was concluded that the larger turbidity observed in state I could not be due to 
flocculation. Besides, no sedimentation or flocculation was visually observed in a 3 mM 
sample stored at 3 °C during 3 months. The process occurring upon cooling gets completed 
(Fig. 3.3b) whereas aggregation is expected to continue and to result in sedimentation. It is 
concluded that the phenomenon occurring between state I and state II is local leaving the 
vesicle aggregation number unaffected. Possible reasons for the turbidity increase upon 
cooling below 15 °C are manifold.  Higher turbidities upon cooling can be due to a decrease 
in the DODAB projected surface area and a concomitant increase in bilayer thickness since 
this makes that the vesicle form factor decreases less with scattering angle (Matsuzaki et al., 
2000). The changes in turbidity with temperature may also be caused by changes in DODAB 
refractive index as has been observed before for phospholipids (Yi and MacDonald, 1973). At 
10.4 and 25.5 mM DODAB, it was found that at least a fraction of the DODAB in the sample 
is present in dihydrate crystals in state I at 25 °C after being at 5 °C during 1 night (Fig. 3.4). 
In the phase diagram (Schulz et al., 1998), the dihydrate is in equilibrium with isotropic 
solution below 55 °C.  
Concentrated DDAB in D2O dispersion showed some similarities to the more dilute 
DODAB in water system. Also in this case, a dehydrated solid phase was formed below Tm. 
The solid phase coexisting with a dilute phase was found within 2 minutes after temperature-
quenching from 85°C to below Tm (Fig. 3.10b).  Equilibration is expected to be slower for the 
DODAB system because of the longer alkyl chains. Maybe only a fraction of the DODAB in 
the sample used for X-ray scattering was converted to the dihydrate form after one night at 
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5 °C. More work is needed to check how fast this crystal is formed upon cooling in the 
DODAB-water system. Like in the DODAB in water system, there was also in the DDAB in 
D2O system a coexistence region of two lamellar phases above Tm. Using SANS, it was 
shown that the phase splitting upon temperature-quenching was complete within 2 minutes in 
the DDAB in D2O system (Fig. 3.9).   
 After an intensive sonication above Tm, DSC (Fig. 3.5) and 1H-NMR (Fig. 3.6) 
experiments showed that about half of the DODAB alkyl chains remained fluid upon cooling 
below Tm. It is known that sonication remarkably increases solubilisation and colloidal 
stability of the drugs amphotericin B and miconazole in dioctadecyldimethylammonium 
bromide (DODAB) dispersions (Pacheco and Carmona-Ribeiro, 2003; Vieira and Carmona-
Ribeiro, 2001). Abe and Kondo (1999) found that the amounts sorbed of several aromatic 
compounds in didodecyldimethylammonium bromide (DDAB) vesicles were several orders 
of magnitude higher if the bilayers were in the liquid-crystalline state compared to the gel 
state. The increased solubilization capacity can thus be explained from the fact that about half 
of the alkyl-chains remained fluid upon cooling below the gel to liquid-crystalline phase 
transition temperature (Tm) after sonication above Tm. 
The melting enthalpy of a bilayer is strictly related to the packing state of the lipids. Prolate 
vesicles with defects concentrated in the two poles were most frequently observed with cryo-
TEM in the sonicated DODAB dispersion (Fig. 3.8). Highly curved fluid bilayer domains 
could coexist with less curved solid bilayer domains within the vesicles. However, with 
freeze-fracture electron microscopy only spherical vesicles were found in a similar system 
(Humphrey-Baker et al., 1991). Another possibility is thus a coexistence of small fluid 
vesicles with large solid vesicles since curvature constraints are larger in smaller vesicles. The 
remarkable reproducibility of the striking observation that about 50 % of the DODAB is fluid, 
suggests a third possible explanation, i.e. a fluid and solid monolayer coexistence. Even in 
dispersions used for 1H-NMR which were sonicated according to a different procedure, the 
fluid fraction at 25 °C was always about 50 %. Counter-ion condensation and electrostatic 
screening could result in a frozen inner monolayer coexisting with an outer monolayer that 
remains fluid due to the high curvature. According to Harada et al. (1984), Br- binding results 
in fluid rather than solid DODAB alkyl chains which rather leads to the hypothesis that an 
inner fluid monolayer coexists with an outer solid monolayer.  
 
 
 -46-
Thermal transitions of DODAB and DDAB vesicular dispersions 
3.5 Conclusions 
In non-sonicated DODAB vesicle dispersions, 1H-NMR experiments indicated that the 
alkyl chains were in the fluid state above 44 °C, which is therefore termed the gel to fluid 
transition temperature (Fig. 3.2). The enthalpy change of this fast and reproducible transition 
was 46 kJ/mol (Table 3.1). Upon cooling, this transition occurred reproducibly at 38.9 °C 
with an enthalpy change of -44 kJ/mol. Upon cooling below 15 °C at a scan rate of -0.33 
°C/min, a second much broader exothermic transition with an enthalpy change of -33.0 
kJ/mol was observed (Fig. 3.1). X-ray scattering showed that at least part of the sample was 
converted to a lamellar phase of the DODAB dihydrate crystal during this transition (Fig. 
3.4). Although turbidity doubled during this transition, no flocculation or fusion occurred as 
the particle size remained constant. Besides, sedimentation was not even observed after 3 
months at 3 °C. This phenomenon left the vesicle aggregation number unchanged. Moreover, 
this transition was only reversed at 36 °C in a 43.6 kJ/mol endothermic transition upon 
increasing the temperature (Fig. 3.1). This brings clarity in the conflicting observations in 
literature: only samples that have been cooled below 15 °C showed the peak at 36 °C in a 
DSC-upscan besides the main transition at 44 °C. After sonication above Tm, the major part of 
the low temperature transition occurred above room temperature upon cooling. Therefore 
always both peaks, at 36 °C and at 44 °C were observed in a subsequent DSC upscan after 
sonication even when the sample was only cooled to 25 °C. When a sonicated sample was 
further cooled below room temperature, the rest of the low temperature transition took place 
leading to a larger melting enthalpy and an additional peak in the subsequent upscan.     
By means of NMR (Fig. 3.6) and DSC (Fig. 3.5) it was found that about 50 % of the lipids 
remained in the fluid state upon cooling the DODAB dispersion below Tm after an intensive 
sonication treatment above Tm. This phenomenon was also observed in dispersions of other 
charged lipids. The spatial separation of fluid and solid domains remains unclear but the 
incomplete freezing appears to be a consequence of the small vesicle size observed after the 
sonication treatment (Fig. 3.8). 
Using SANS, it was shown that the phase splitting kinetics upon temperature-quenching the 
high-temperature single lamellar phase into the coexistence region of a dilute and a 
concentrated lamellar phase above Tm occurred within 2 minutes (Fig. 3.9). Also the 
formation of the solid upon temperature-quenching below Tm happened within 2 minutes.  
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 Chapter IV:  
Physicochemical characterization of  
2SDS-DODAB electrostatic complexes* 
 
4.1 Introduction 
In the past, the interaction of vesicles with surfactants has been investigated by numerous 
techniques, such as differential scanning calorimetry (DSC) and dynamic light scattering 
(Castile et al., 2001), leakage of dyes to study permeability alterations (De la Maza and 
Parra, 1996), time resolved small angle X-ray scattering (SAXS) (Cocera et al., 2004), 
electrophoretic light scattering (Cocera et al., 1999) or static light scattering 
(Inoue et al., 1992). Most of these studies were conducted above Tm. As DODAB vesicles at 
room temperature are below their Tm, non-equilibrium properties inherent to gel-phase lipids 
need to be considered in the present study. Equally charged or uncharged surfactants tend to 
solubilize the vesicles (Barreleiro et al., 2002; Lichtenberg et al., 1983). However, the 
interaction of vesicles composed of charged lipids with an oppositely charged surfactant may 
be different due to the dominant role of electrostatic interactions. The phase behaviour of 
mixtures of anionic and cationic surfactants is characterised by catanionic precipitation in the 
equimolar region (Kaler et al., 1992; Klijn and Engberts, 2003; Marques et al., 1999). In the 
SDS – DDAB – water system, vesicles are formed spontaneously on both sides of the 
equimolar line, i.e. if there was a sufficient excess of one of the surfactants 
(Marques et al., 1999). Besides vesicles, several other aggregate structures such as nanodisks 
(Zemb et al., 1999) or icosahedra (Dubois et al., 2001) have been observed in catanionic 
systems.  
 
4.2 Materials and methods 
4.2.1 Materials  
Dioctadecyldimethylammonium bromide (DODAB) with purity better than 99 % was used 
as received from Acros Organics (Belgium). Sodium dodecyl sulfate (SDS) with purity higher 
                                                 
* Redrafted from: Cocquyt, J.; Olsson, U.; Olofsson, G.; Van der Meeren, P. 2004. Temperature quenched 
DODAB dispersions: Fluid and solid state coexistence and complex formation with oppositely charged 
surfactant. Langmuir, 20(10), 3906-3912. 
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than 99 %, was used as received from BDH Laboratory Supplies (England). Ultrapure water 
of Milli-Q-Plus quality was used.  
 
4.2.2 Preparation of sonicated vesicles   
The sonicated vesicles were prepared as described in chapter III.  
 
4.2.3 Preparation of non-sonicated vesicles  
DODAB was added to 20 ml of water to obtain an end concentration of 6 mM. The sample 
was held in a water bath at 55 °C during approximately 30 minutes before being gently stirred 
with a magnetic stirrer during 10 minutes at 55 °C. Then the sample was cooled in a water 
bath at room temperature during at least 30 minutes.   
 
4.2.4 Preparation of the SDS-DODAB samples  
Aqueous SDS solution was always added to the same volume of aqueous DODAB 
dispersion. The sample was mixed immediately by turning the recipient three times back and 
forth. The ratio of the molar concentration of SDS over DODAB is denoted as the mixing 
ratio. The samples containing NaBr instead of SDS were prepared in a similar way. Unless 
stated otherwise, the samples were mixed at 25 °C and stored at this temperature in the time 
between preparation and analysis. 
 
4.2.5 Turbidity  
A Perkin Elmer Lambda 14 spectrophotometer was used to measure turbidity at 532 nm. 
The temperature was controlled at 25 °C with a thermostated water bath. Water was used as a 
reference. All measurements were made in standard rectangular quartz cuvets of 1 cm or 
1 mm path length.   
 
4.2.6 Stopped-flow turbidity 
An Applied Photophysics SX.17MV stopped-flow spectrophotometer was used at 532 nm 
and at 25 °C. The dead time was 1.5 ms and water was used as a reference.  
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4.2.7 Electrophoretic light scattering 
Electrophoretic mobility measurements were performed at 25 °C by laser doppler 
electrophoresis (LDE) using a Zetasizer IIc (Malvern, U.K.). The electric field strength was 
approximately 1400 V/m (Direct Current). Three repetitive measurements of 30 seconds were 
made 5 minutes after adding the SDS solution to the sonicated 0.3 mM DODAB dispersion. 
 
4.2.8 Cryo-transmission electron microscopy (cryo-TEM)  
The method was described in chapter III.  
  
4.2.9 Proton nuclear magnetic resonance spectroscopy (1H-NMR)  
The method was described in chapter III.  
  
4.2.10 Differential scanning calorimetry (DSC)  
A high-sensitivity differential scanning calorimeter Microcal MC-2 (Microcal Inc., 
Northampton, MA, USA) equipped with twin total-fill cells of 1.2 ml was used. The heating 
rate in this work was always 1 °C/minute. At least 3 consecutive upscans were recorded to 
check the repeatability. The data shown are obtained from the first run and second run. 
 
4.2.11 Isothermal titration calorimetry (ITC)  
A 2277 Thermal Activity Monitor system (Thermometric AB, Sweden) was used. The 
titrant was added in 2.5 – 35 µl portions from a gas-tight Hamilton syringe using a 
microprocessor-controlled motor-driven syringe drive. All measurements were made at 25 °C. 
 
4.2.12 X-ray scattering  
A Seifert ID 3000 (3.5 kW) generator, operating at 50 kV and 40 mA provided the Cu Kα 
radiation of wavelength 1.542 Å. A Peltier element controlled the temperature to within 
25 + 0.1 °C. The instrument recorded the scattered intensity at both 'small' and 'wide' angles 
using a Kratky compact small-angle system and a wide-angle system equipped with position 
sensitive detectors (OED 50M from Mbraun, Austria) respectively.  The range of the 
scattering vector q was 0.02 - 0.6 Å-1 for small angle X-ray scattering (SAXS) and 
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1.1 - 1.7 Å-1 for wide angle X-ray scattering (WAXS). X-ray scattering from air was 
prevented by keeping the camera compartment under vacuum. A 10 µm thick Ni filter was 
used to remove the Kβ radiation and a 1.5 mm W filter was used to protect the detector from 
the primary beam. 
 
4.3 Results and discussion 
4.3.1 SDS-DODAB complex formation                                                               
When SDS was added to a sonicated DODAB dispersion, a turbidity increase was observed 
for all investigated samples with mixing ratio between 0.1 and 1 and DODAB concentration 
between 0.3 and 3 mM. In Fig. 4.1, The turbidity versus time profile after adding 0.3 mM 
SDS to a 0.3 mM sonicated DODAB dispersion was compared to the turbidity versus time 
profile after adding 0.3 and 5.46 mM NaBr to the same DODAB dispersion. The reference 
turbidity of a 0.3 mM DODAB dispersion was around 1 m-1. The extent of the turbidity 
increase upon SDS addition was mainly affected by the mixing ratio: the closer the mixing 
ratio approached unity, the higher the turbidity. 
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Figure 4.1. Turbidity of a 0.3 mM sonicated DODAB dispersion (a) after mixing with 
an equimolar amount of SDS  and (b) after mixing with 0.3 mM (◊) and 5.46 mM NaBr 
(full line).     
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Cryo - transmission electron microscopy (Cryo-TEM) and light microscopy observations 
indicated that the aggregate structures changed upon SDS addition. A cryo-TEM experiment 
was performed on a 3 mM sonicated DODAB sample containing SDS at mixing ratio 0.3 and 
vitrified 45 seconds after mixing (Fig. 4.2). The SDS-DODAB aggregates were presumably 
too large to be visualised with the cryo-TEM technique. Light microscopy confirmed the 
presence of bigger aggregates in the SDS-DODAB samples (results not shown). The small 
highly curved prolate structures and bilayer fragments observed before SDS addition (chapter 
III) were much less abundant in the remaining DODAB. Instead, more vesicles larger than 
100 nm diameter were seen, indicating that vesicle fusion occurred. These vesicles were not 
perfectly spherical, but often facetted.  
 
 
 
Figure 4.2. Cryo-TEM micrograph of facetted vesicles observed in 3 mM sonicated 
aqueous DODAB dispersion after adding 0.9 mM SDS (mixing ratio=0.3). The sample 
was vitrified from 25 °C, 45 seconds after adding the SDS solution. Bar equals 100 nm. 
 
In an isothermal titration calorimetry (ITC) experiment (Fig. 4.3), small aliquots of a 
micellar solution of 0.1 M SDS solution were consecutively added to the calorimeter vessel 
containing initially 2.8 ml of sonicated 3 mM DODAB dispersion. The reaction after each 
injection was completed within 10 minutes. The experiment was repeated three times. The 
amount of heat produced per mole SDS increased by about 20 % between mixing ratio 0.5 
and 1 and then dropped to zero above mixing ratio 1. The average amount of heat produced 
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per mole SDS added was calculated to be 61 + 3 kJ/mol. These findings indicate that a strong 
1:1 complex is formed.  
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Figure 4.3. Isothermal titration calorimetric thermogram of sonicated 3 mM DODAB 
dispersion titrated with 0.1 M SDS solution at 25 °C. The experiment was repeated 
three times.   
 
As turbidity increased by about 500 % upon adding an equimolar amount of SDS to a 0.3 mM 
sonicated DODAB dispersion (Fig. 4.1a), it was clear that a precipitate was formed that 
scattered much more light than the original DODAB dispersion. Thus, electrophoretic light 
scattering experiments mainly measured the electrophoretic mobility of the precipitate. Fig. 
4.4 shows the electrophoretic mobility of a 0.3 mM DODAB sample containing various 
amounts of SDS. Without any SDS, the electrophoretic mobility of a 6 mM sonicated 
DODAB dispersion was around 8 µm.cm/s/V. The relaxation effect makes that for such high 
values, the electrophoretic mobility becomes basically independent of the surface charge 
density (Egorova et al., 1992). Therefore, the latter could not be accurately determined for a 
pure DODAB in water dispersion.  
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Figure 4.4. Electrophoretic mobility (●) and surface area per charge (□) of a 0.3 mM 
sonicated DODAB dispersion containing various amounts of SDS.  
 
In the case SDS was added, large precipitate flocs were formed and the measured 
electrophoretic mobilities were relatively low. Therefore, after SDS addition, the Helmholz-
Smoluchowski equation could be used to calculate the zeta-potential ζ from the 
electrophoretic mobility uef  (Egorova, 1994):  
woefu εεηζ =  
where η is the viscosity, εο the permittivity in vacuum and εw is the dielectric constant. 
Further, the surface charge density was calculated using the Gouy-Chapman theory, as 
explained in chapter VI. From the surface charge density, the surface area per charge was 
calculated (Fig. 4.4). The high values of the latter indicate that the SDS-DODAB complex 
forms separate particles consisting mainly of the equimolar SDS-DODAB complex. If the 
overall mixing ratio is lower than 1, these particles are slightly positively charged, due to 
some excess DODAB at the interface with water, whereas at mixing ratio larger than 1, there 
is an excess negative charge.  
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4.3.2 Evolution of the DODAB liquid fraction upon adding SDS  
Fig. 4.5a shows that the DODAB fraction observed to be fluid-like with 1H-NMR in a 
sonicated dispersion after addition of SDS was reduced by a factor roughly equal to the 
mixing ratio. A few typical spectra are shown in Fig. 4.5b.  
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Figure 4.5. (a) DODAB (♦) and SDS (ο) fraction detected with NMR at 25 °C in a 3 
mM sonicated DODAB dispersion. The measurements were performed 5 minutes after 
mixing. The expected behaviour in case of formation of a 1:1 solid complex upon 
adding SDS is represented as solid lines. (b) A few representative spectra. The mixing 
ratios were a: 0 ; b: 0.53 ; c: 1.00 ; d: 1.49. (For clarity, the curves have been displaced 
on the NMR intensity axis.) 
 
This behaviour was observed for both 0.3 and 3 mM DODAB. Already after 5 minutes, the 
shortest possible measurement time, this linear relation between 1H-NMR signal of DODAB 
and mixing ratio was established. This observation indicates a strong binding in a 1/1 molar 
ratio resulting in a rather immobile complex with a bandwidth that is so large that the 
1H-NMR-signal cannot be observed. About half of the alkyl chains of the excess DODAB, 
which was not part of the complex, remained fluid. Upon SDS addition to the DODAB 
dispersion, the 1H-NMR-signal of SDS appeared only when all DODAB was neutralised, 
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again pointing to the fact that SDS is strongly bound to DODAB. The broadening of the SDS 
signal compared to the signal of an SDS solution in D2O indicates the formation of mixed 
micelles. After storing the samples for 2 weeks at room temperature, no significant changes in 
1H-NMR signal intensity were found in any of the samples. 
Below mixing ratio 1, the relative decrease in DODAB 1H-NMR signal intensity was 
slightly larger than the mixing ratio (Fig. 4.5), which can be expected since it was clear from 
the electrophoretic mobility experiments that the precipitate contained a slight excess of 
DODAB below mixing ratio 1 (Fig. 4.4). 
 
Fig. 4.6 indicates that the fraction of DODAB in the fluid state was also affected by the 
NaBr concentration, thus pointing to the importance of electrostatic effects. It is clear that 
NaBr solidified DODAB at a rate that increased with concentration. The reaction of SDS with 
DODAB results in catanionic crystals and NaBr. However, the time dependence of both the 
fluid fraction and the turbidity of a sonicated DODAB dispersion looked completely different 
after addition of NaBr as compared to SDS (Fig. 4.1). This clearly indicated that the observed 
effect of SDS could not be explained from the increased electrolyte concentration. 
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Figure 4.6. (a) The effect of 3.2 mM (diamonds), 6.4 mM (circles) or 20.3 mM 
(triangles) NaBr on the fluid fraction as observed with 1H-NMR (open symbols) and on 
the turbidity (closed symbols) of a 3 mM sonicated DODAB dispersion in D2O. 
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The DSC thermograms of both non-sonicated and sonicated 3 mM DODAB dispersions 
after mixing with various amounts of SDS, are shown in Fig. 4.7 and Fig. 4.8, respectively. 
Every experiment was repeated on a new sample that had the same composition and that was 
made in the same way. The shape of each thermogram was repeatable and the transition 
enthalpy and the peak maxima were reproducible within a few percent. The first and second 
run are shown. In every experiment, also a third run was recorded (results not shown). These 
thermograms nearly overlaid the second runs shown in Fig. 4.7b and Fig. 4.8b.  
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Figure 4.7. DSC first (a) and second (b) runs of non-sonicated 3 mM DODAB 
dispersion after addition of SDS at mixing ratios a: 0 ; b: 0.1 ; c: 0.25  ; d: 0.4 ; e: 0.5 ; 
f: 0.7 ; g: 1.0. (For clarity, the curves have been displaced on the heat capacity axis.) 
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Figure 4.8. DSC first (a) and second (b) runs of sonicated 3 mM DODAB dispersion 
after addition of SDS at mixing ratios a: 0 ; b: 0.1 ; c: 0.25  ; d: 0.4 ; e: 0.5 ; f: 0.7 ; g: 
1.0. (For clarity, the curves have been displaced on the heat capacity axis.) 
 
The second runs were clearly more different from the first runs when starting from non-
sonicated vesicles, indicating that non-equilibrium properties are more important in the 
interaction of non-sonicated DODAB vesicles with SDS, compared to sonicated vesicles. The 
DSC thermograms obtained after mixing non-sonicated DODAB vesicles with SDS (Fig. 4.7) 
were similar to the thermograms obtained by Blandamer et al. (1995). 
In Fig. 4.9, the total transition enthalpy, meaning the sum of the enthalpy of the main, the 
pre- and the post-transition (if present) obtained from the second run, is plotted as a function 
of the mixing ratio. When non-sonicated vesicles were chosen as the initial state of the 
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experiment, the starting enthalpy was twice as high, as stated in chapter III, but adding 25 
mol% SDS caused the DSC scans of non-sonicated and sonicated DODAB dispersions to 
become very similar. 
The melting enthalpy of 3 mM sonicated DODAB vesicles increased by 63 kJ/mol upon 
adding an equimolar amount of SDS. This value is in close agreement with the amount of heat 
produced per mole DODAB (i.e. 61 + 3 kJ/mol) when titrating an equimolar amount of SDS 
to a 3 mM sonicated DODAB dispersion in an ITC experiment (Fig. 4.3).   
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Figure 4.9. Total transition enthalpy of a 3 mM sonicated (o) or non-sonicated (+) 
DODAB dispersion after mixing with varying amounts of SDS, integrated from the 
second DSC upscan.  
 
4.3.3 Structure of the equimolar SDS-DODAB 1:1 complex  
A 3 mM equimolar mixture of SDS and DODAB was prepared. Four days after preparation, 
some flocs were sampled and the scattered X-ray intensity was recorded at 25 °C during 10 
hours (Fig. 4.10, curve a). The observation of three sharp peak in the wide angle X-ray 
scattering (WAXS) spectrum indicated clearly that the carbon chains in the SDS-DODAB 
complex were in the gel state (Fig. 4.10, insert). Maxima were found at q = 13.3, 13.9 and a 
relatively more intense maximum at 15.0 nm-1. This spectrum was remarkably similar to the 
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WAXS spectrum of pure DODAB (Jung et al., 2001). In the small angle X-ray scattering 
(SAXS) spectrum (Fig. 4.10), scattering maxima were observed at q = 1.35 nm-1 and at 
q = 4.05 nm-1. In a SAXS-experiment a lamellar phase is expected to display scattering 
maxima for q = Dn /2π  with n = 1, 2, 3, 4, … and D the lamellar spacing. Assuming the 
structure under study is a simple lamellar phase with a lamellar spacing of 4.6 nm, the 
maximum for n = 2 is missing. However, the relative intensity of the various reflections in an 
X-ray scattering pattern depends on the electron density contrast. If in a lamellar phase the 
high electron dense water layer has about the same thickness as the low electron dense 
hydrocarbon layer, only the uneven peaks remain. Thus, the SAXS data indicate that the 
thickness of the hydrocarbon layer is about 2.3 nm. 
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Figure 4.10. SAXS-spectrum of the equimolar SDS-DODAB complex at 25 °C (a) ; 
X-ray form factor calculated for the proposed complex structure (b). The WAXS-
spectrum of the equimolar SDS-DODAB complex at 25 °C is shown in the insert. 
 
The length of the octadecyl chains of DODAB and of the dodecyl-chains of SDS in the all-
trans configuration is 2.4 and 1.7 nm respectively (Evans and Wennerström, 1994). Since the 
NMR-signal of SDS is not visible in SDS-DODAB below mixing ratio 1, it is clear that the 
dodecyl chains of SDS are penetrating into the bilayer. Because of the difference in 
hydrocarbon chain length, penetration of SDS in a non-tilted bilayer causes major deficiencies 
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in the hydrocarbon chain packing. These gaps are possibly reduced by tilting the alkyl chains 
in the bilayer, as can be seen in Fig. 4.11, representing 2 adjacent bilayers. From the 
hydrocarbon layer thickness and the fully extended length of the alkyl chains, the tilt angle is 
calculated to be about 56°. As an illustration, the form factor P(q) of the proposed structure 
was calculated according to ( )2)exp()()( ∫ ∆= dxiqxrqP ρ  and included in Fig. 4.10 (curve b). 
In this formula, ∆ρ(r) is the electron density difference between the water and the 
hydrocarbon layer, x is the distance, q is the scattering vector. This integration was performed 
over 10 tilted bilayers, assuming a repeat distance of 4.65 nm, a water layer thickness of 
2.15 nm, a thickness of the headgroup region of 0.1 nm and an electron density ratio of the 
headgroup region over the water of 0.5. 
 
 
Figure 4.11. A possible structure of the wet equimolar SDS-DODAB complex 
 
4.4 Conclusions 
Mixing a sonicated DODAB dispersion with SDS resulted in a nearly instantaneous 
formation of a complex. Stopped-flow turbidity experiments indicated that a steady state was 
reached within the 2 milliseconds after mixing. In an ITC experiment, it was shown that the 
molar heat produced upon complex formation was almost constant around 61 kJ/mol up to 
molar ratio 1 and then suddenly dropped to zero. This indicated that a strong complex with an 
equimolar composition was formed. The observation that the surface potential of the complex 
particles was close to zero indicated that the complex formed separate particles besides the 
remaining uncomplexed DODAB. Also more large vesicles were found with cryo-TEM after 
adding SDS, indicating that vesicle fusion occurred in this ucomplexed DODAB fraction. 
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Based on an X-ray scattering pattern, the structure of the wet equimolar SDS-DODAB 
complex was proposed to be a lamellar phase with tilted hydrocarbon layers.  
Adding SDS made sonicated DODAB vesicles more solid since both their melting enthalpy 
and their melting temperature increased as the mixing ratio increased to unity. Further, it was 
shown that the liquid fraction of the DODAB vesicles decreased inversely proportional to the 
mixing ratio upon adding SDS. The liquid fraction dropped within seconds upon adding SDS 
and did not change further in the following weeks. On the other hand, upon adding NaBr the 
liquid fraction slowly decreased at a rate proportional to the NaBr concentration. Hence, the 
effects observed upon SDS addition cannot be due to the NaBr produced upon SDS-DODAB 
complex formation.     
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 Chapter V: 
Interaction kinetics of anionic surfactants  
with cationic vesicles 
 
5.1 Introduction 
The solubilization of vesicles by an excess mono-alkyl surfactant was investigated 
intensively (Barreleiro et al., 2002; Lichtenberg et al., 1983). Also the interaction of mono-
alkyl anionic and mono-alkyl cationic surfactants was widely studied (Kaler et al., 1992). On 
the other hand, very few studies deal with the interaction of dialkyl vesicle-forming 
surfactants with oppositely charged monoalkyl surfactants. The phase behaviour obtained 
after mixing anionic surfactants and vesicle forming cationic surfactants is characterized by 
the formation of a precipitate mainly in the equimolar region (Kondo et al., 1995; Marques et 
al., 1999). For some systems, where the vesicles were in the liquid-crystalline state, 
equilibrium phase diagrams were constructed (Marques et al., 1999). Studies about the 
interaction of surfactants with vesicles in the gel state are rare. Recently, the interaction of 
sodium dodecyl sulfate (SDS) with dioctadecyldimethylammonium bromide (DODAB) 
vesicles was studied (Cocquyt et al., 2004). As DODAB vesicles at room temperature are 
below their gel to liquid-crystalline transition temperature (Tm) (Barreleiro et al., 2002; 
Benatti et al., 1999), non-equilibrium properties inherent to gel-phase lipids needed to be 
considered. In the present study, the equilibration kinetics after mixing anionic surfactants 
with cationic vesicles below Tm were studied.  
 
As many fabric softeners are dispersions of cationic multilamellar vesicles below their Tm, 
these interaction kinetics are important in the laundry industry. In laundry machines, fabric 
softeners are added in the last rinse where part of them may be inactivated through 
precipitation with anionic surfactants remaining from the main wash. Taking into account the 
wide-spread use of these fabric softeners, this precipitation is very important both from an 
economical and functional point of view. The resulting precipitate may soil the cloths or may 
reduce the softness of the fabrics (Hughes et al., 1976; Smith et al., 1989).  
The colloidal stability of the mixture of cationic and anionic surfactant determines the 
precipitates potency to act as additional soil (Smith et al., 1989). In a first part of the present 
work, the influence of concentration, molar ratio and mixing rate on the colloidal stability was 
investigated.  
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The charge density of the precipitate determines its adsorption on and consequently the 
softness of the fabrics. As most fabrics are negatively charged, it is expected that only 
positively charged precipitates adsorb. In a second part of the present work, the charge density 
of the precipitate is measured over time.      
 
5.2 Materials and methods 
5.2.1 Chemicals  
Dioctadecyldimethylammonium bromide (DODAB) was used as received from Acros 
Organics (Belgium) with purity higher than 99 %. Rewoquat V3282 containing about 
85 %(m/m) diethylester dimethylammonium chloride (DEEDMAC) and about 15 %(m/m) 
isopropanol was used as received from Goldschmidt (Germany). Sodium dodecyl sulfate 
(SDS) was used as received from BDH Laboratory Supplies (England) with purity higher than 
99 %.  Ultrapure water of Milli-Q-Plus quality was used. 
  
5.2.2 Preparation of DODAB vesicles  
Sonicated and non-sonicated DODAB vesicles were prepared as described in chapter III.  
 
5.2.3 Preparation of DEEDMAC vesicles   
Melted Rewoquat V3282 was dispersed at a rate of about 0.5 g/minute through heavy 
stirring in water at 60 °C up to a final DEEDMAC concentration of 5 %(m/m) and a total 
volume of one liter. The ultrapure water only contained 0.02 %(m/m) HCl to prevent 
hydrolysis of the DEEDMAC ester bonds. The dispersion was then further diluted with 
0.02 %(m/m) HCl to a DEEDMAC concentration of 1.20 mM. The dispersions were not used 
any longer in the experiments later than 1 day after dilution. 
     
5.2.4 Mixing SDS with the vesicles  
An SDS solution containing always 0.02 %(m/m) HCl was added to an equal volume of 
vesicular dispersion. Unless stated otherwise, the samples were mixed immediately by turning 
the recipient three times back and forth. The ratio of the molar concentration of SDS over 
cationic vesicle-forming surfactant is denoted as the molar ratio. The time between the 
addition of SDS to the vesicle dispersion and the measurement is denoted as the interaction 
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time. The samples were mixed at 25 °C and stored at this temperature during the interaction 
time. 
 
5.2.5 Turbidity measurements 
An Ultrospec 1000 UV/VIS spectrophotometer from Pharmacia Biotech (The Netherlands) 
was used to measure turbidity at 532 nm at room temperature.  Water was used as a reference. 
All measurements were made in standard rectangular quartz cuvets of either 1 mm path 
length.   
 
5.2.6 Electrophoretic light scattering  
Time-resolved laser doppler electrophoresis (LDE) was performed at 25 °C with a Zetasizer 
IIc (Malvern, UK), provided with a 10 mW He-Ne Laser with a wavelength of 633 nm. The 
electric field strength was approximately 1400 V/m (Direct Current). Before the 
measurement, the anionic surfactant and the vesicles were mixed during 5 seconds using a 
magnetic stirrer.    
 
5.2.7 Surface tension  
The mixture of SDS solution and DODAB dispersion was pumped at 0.50 ml/min through a 
vertical cilindrical capillary of 1 mm internal diameter and 5 mm external diameter. The 
dynamic surface tension γ was calculated from the mass of the droplets as they detach at the 
outlet of the capillary using the equation:  
r
gmF=γ        
where γ is the dynamic surface tension, g is the standard acceleration of gravity, m is the drop 
mass, r is the outer radius of the capillary and F is the correction factor of Harkins and Brown 
(Spanoghe et al., 2001).  
 
5.3 Results  
The equilibration kinetics of the negatively charged surfactant SDS with either sonicated 
DODAB vesicles, non-sonicated DODAB vesicles or non-sonicated DEEDMAC vesicles 
were investigated.  
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5.3.1 Interaction of SDS with sonicated DODAB vesicles  
SDS solutions were mixed with sonicated DODAB dispersions at different concentrations 
and at different SDS over DODAB molar ratios. Each of these samples was checked at 
regular time intervals with the naked eye for the presence of precipitate particles. Upon 
adding SDS, a turbidity increase occurred within a few ms before it levelled off, as shown in 
chapter IV (Fig. 4.1). The plateau value of the turbidity of some of these samples was 
measured 1 minute after mixing. Table 5.1 summarizes the results of both the visual 
observations and the turbidity measurements. As the molar ratio approached unity, a more 
pronounced precipitation was observed. At molar ratio 1, precipitate particles could be 
observed at all DODAB concentrations. The higher the DODAB concentration, the faster the 
precipitation was observed after mixing. This was confirmed by the fact that the turbidity 
increased more than proportional with concentration at a fixed molar ratio of 0.5.  
In a separate experiment, the effect of the rate of adding SDS to a 0.3 mM sonicated 
DODAB dispersion was investigated. Using a burette, the SDS solution was added gradually 
during 5 minutes under continuous stirring. In Fig. 5.1, the turbidities recorded 1 minute and 1 
month after mixing, were compared to the corresponding turbidities after mixing in a single 
shot. Slower mixing resulted in greater turbidities for all molar ratios investigated.   
  
Table 5.1. Turbidity (1/m) 1 minute after mixing an SDS solution with a sonicated 
DODAB dispersion and visual observation of the occurrence of visible precipitate 
particles in the obtained mixtures.  
DODAB concentration (mM)  
0.13 0.3 0.52 0.71 1.0 1.5 2.0 3.0 
0 -(no)    1.1(no) -(no) -(no) -(no) -(no) -(no) 11.0(no)
0.1 -(no) 1.1(no) -(no) -(no) -(no) -(we) -(da) 12.1(da)
0.2 -(no) 1.2(no) -(no) -(we) -(we) -(da) -(da) 16.1(da)
0.3 -(no) 1.4(no) -(no) -(we) -(we) -(da) -(da) 25.3(da)
0.4 -(no) 1.7(no) -(no) -(we) -(we) -(da) -(da) 36.7(da)
0.5 1.1(no) 2.4(no) 4.9(no) 9.2(we) 10.6(we) 25.2(da) -(da) 47.1(da)
0.6 -(no) 3.0(no) -(we) -(we) -(we) -(da) -(da) 150.8(da)
0.7 -(no) 4.0(no) -(we) -(da) -(da) -(da) -(da) -(da) 
0.8 -(no) 5.1(we) -(da) -(da) -(da) -(da) -(mi) -(mi) 
0.9 -(no) 9.7(da) -(da) -(da) -(da) -(mi) -(mi) -(mi) 
 
M
olar R
atio SD
S/D
O
D
A
B
 
1 -(da) -(da) -(mi) -(mi) -(mi) -(mi) -(mi) -(mi) 
Particles visual to the naked eye were observed not even after 1 week (no) ; only after 1 week 
(we) ; only after 1 day (da) ; already after 1 minute (mi).   
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Figure 5.1. Influence on turbidity of adding equal volumes of SDS solution to a 0.3 mM 
sonicated DODAB dispersion gradually during a 5 minutes period compared to mixing in 
a single shot. 
 
5.3.2 Interaction of SDS with non-sonicated DODAB vesicles 
Fig. 5.2a shows the result of time-resolved laser doppler electrophoresis (LDE) 
measurements on a 3 mM non-sonicated DODAB vesicle dispersion after adding SDS. Before 
adding SDS, the DODAB dispersion was characterized by an electrophoretic mobility of 7.83 
µm.cm/s/V. Adding SDS in a molar ratio of 0.95 resulted immediately in a negative 
electrophoretic mobility due to sorption of SDS onto the vesicle surface. As time proceeded, 
the electrophoretic mobility reached its equilibrium value, which was positive as more 
DODAB than SDS was present. For molar ratios below 0.95, the equilibrium surface charge 
density was attained within 1 minute and the interaction kinetics could therefore not be 
measured. Also when SDS was added to a sonicated DODAB dispersion, the equilibrium 
surface charge density was always reached within 20 seconds, which is the shortest possible 
measurement time. When an excess of SDS was added to the 3 mM non-sonicated DODAB 
vesicles, it took a longer time to reach the equilibrium electrophoretic mobility (Fig. 5.2a). At 
equimolar mixing ratio, the dynamic surface tension (Fig. 5.2b) increased to a steady value at 
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a rate that was intermediate to the rates seen with time-resolved LDE at mixing ratios of 0.95 
and 1.05 (Fig. 5.2a). At mixing ratio 0, the dynamic surface tension of water, 72 mN/m, was 
obtained indicating that the vesicles were not surface active in the dynamic experimental 
conditions chosen.  
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Figure 5.2a. Time-resolved electrophoretic mobility after adding SDS to non-sonicated 
DODAB vesicular dispersion at molar ratio 0.95 (○) and 1.05 (●). The final DODAB 
concentration was 3 mM.  
Figure 5.2b. Time-resolved dynamic surface tension after adding SDS to non-sonicated 
DODAB vesicular dispersion at molar ratio 0.0 (●), 1.0 (○) and infinite (▼). The final 
DODAB concentration was 3 mM.  
 
At low interaction times after adding an equimolar amount of SDS, the surface tension is 
about the same as the surface tension obtained with only SDS (Fig. 5.2b). This would indicate 
that most SDS is still uncomplexed. However, also the SDS-DODAB precipitate particles 
may partly account for this observation. This may also explain why at longer interaction times 
the surface tension was about 3 mN/m below the value of the DODAB vesicular dispersion 
without any SDS although all SDS seems to be complexed since a slightly positive 
electrophoretic mobility was found in the sample used for the surface tension measurement 10 
minutes after mixing.  
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5.3.3 Interaction of SDS with DEEDMAC vesicles  
Fig. 5.3 shows time-resolved turbidity measurements after adding different amounts of SDS 
to a 1.2 mM DEEDMAC dispersion.  
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Figure 5.3. Time-resolved turbidity of a 1.20 mM DEEDMAC dispersion after adding 
SDS at molar ratios SDS/DEEDMAC of 0.58 (no symbol), 0.70(●), 0.83(○), 0.95(▲), 
1.01(∆) and 1.20(◊).    
 
At lower molar ratio, turbidity reached a maximum within a short time and then decreased. 
As the molar ratio increased, both the maximum turbidity and the time to reach this maximum 
increased (Fig. 5.3). After adding an equimolar SDS concentration, an intense flocculation 
was observed by the naked eye. At even higher SDS concentrations, the turbidity was lower 
for all interaction times.    
 
In Fig. 5.4, the turbidity is plotted versus molar ratio for different interaction times. It is 
clear that the molar ratio characterized by the highest turbidity for a specific interaction time 
increases as this interaction time gets longer. At the same time, the maximum turbidity gets 
higher at longer interaction times.  
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Figure 5.4. Turbidity versus molar ratio SDS/DEEDMAC at 1.20 mM DEEDMAC 30 
seconds (●), 5 minutes (○), 15 minutes (▲), 30 minutes (◊) and 1 hour (■) after mixing. 
 
A 1.20 mM DEEDMAC dispersion in 0.02 %(m/m) HCl without any SDS added is 
characterized by an electrophoretic mobility around 8 µm.cm/s/V. This high value cannot be 
used to derive the surface charge density since the relaxation effect makes that the 
electrophoretic mobility is hardly varying with surface charge density in this range (Egorova 
et al., 1992). Fig. 5.5 shows time-resolved LDE measurements on a 1.20 mM DEEDMAC 
dispersion after adding different amounts of SDS. Immediately after adding a significant 
amount of SDS (i.e. mixing ratio > 0.37) a charge reversal from a positive to a negative 
surface charge density was observed within the shortest possible measurement time, i.e. 
20 seconds. As the interaction time proceeded, the surface charge density increased and 
became again positive when an excess DEEDMAC was present meaning that there was a 
second charge reversal. This increase in surface charge density was faster when the excess 
DEEDMAC was larger. Therefore, the second charge reversal was reached faster for lower 
molar ratios SDS/DEEDMAC. At molar ratios below 0.37 both charge reversals had occurred 
within 20 seconds, which is the shortest possible measurement time.   
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Figure 5.5. Time-resolved electrophoretic mobility of a 1.20 mM non-sonicated 
DEEDMAC dispersion after adding SDS at mixing ratio 0.37(●), 0.55(○), 0.86(▲), 
0.96(∆) and 0.99(□). Before adding any SDS, the electrophoretic mobility was around 8 
µm.cm/s/V.  
 
In Fig. 5.6, the molar ratio that gave the highest turbidity after a certain interaction time is 
plotted versus this interaction time. This molar ratio is compared to the molar ratio required to 
have the second charge reversal exactly at this interaction time. Also the maximum turbidity 
is included in Fig. 5.6.  
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Figure 5.6. Maximum turbidity(○), molar ratio SDS/DEEDMAC at maximum 
turbidity(●) and molar ratio SDS/DEEDMAC at zero charge density(◊) for different 
times of SDS interacting with a 1.20 mM DEEDMAC dispersion. 
 
5.4 Discussion 
As was shown using laser doppler electrophoresis (LDE) in chapter IV, the precipitate 
obtained after mixing SDS and DODAB contains mainly the equimolar SDS-DODAB 
complex. Below molar ratio 1, the precipitate carried an excess positive charge due to 
adsorption of some uncomplexed DODAB, whereas above molar ratio 1, the precipitate was 
slightly negatively charged due to adsorption of some excess SDS. The measured 
electrophoretic mobilities after equilibration of SDS with DEEDMAC vesicles were that high 
that relaxation phenomena (Egorova, 1994) prevented us to derive the surface charge density. 
One can only conclude that the surface charge densities were too high to be calculated from 
the electrophoretic mobility. Thus, there is no evidence from the electrophoretic light 
scattering data that the SDS-DEEDMAC precipitate forms separate particles   
 
The stopped-flow turbidity measurements upon addition of SDS to sonicated DODAB 
vesicles showed that equilibrium was reached within a few ms after mixing (Fig. 4.1). 
Without sonication, the equilibration rate was clearly slower (Fig. 5.2). In the case of 
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DEEDMAC vesicles equilibration was by far the slowest. Non-sonicated DODAB vesicles 
are mainly unilamellar (Barreleiro, 2001). As the alkyl chains in DODAB are fully 
hydrogenated and therefore in the gel state, the bilayers in non-sonicated vesicles are 
relatively rigid and impermeable (Groth et al., 2003). Sonication made 50 % of the DODAB 
alkyl chains fluid (chapter III) and increases the affinity for amphiphilic species (Pacheco and 
Carmona-Ribeiro, 2003; Viera and Carmona-Ribeiro, 2001). This may explain the faster 
equilibration after sonication. The DEEDMAC bilayer is less rigid and more permeable than 
the DODAB bilayer, presumably due to the extra ester bonds (Groth et al., 2003). 
Nevertheless the equilibration times after adding SDS to DEEDMAC were longer. 
DEEDMAC vesicles are multilamellar (Groth et al., 2003). This indicates that the number of 
layers is an important parameter for the equilibration.  
 
Adding a sufficiently high SDS concentration reversed the surface charge density from 
positive to negative within 20 seconds, which is the shortest possible measurement time 
(Fig. 5.2a and Fig. 5.5). This negative surface charge goes together with non-sorbed SDS in 
the bulk that partitions in the outer monolayer as evidenced from surface tension 
measurements (Fig. 5.2b). Thereafter SDS interacts with the inner layers and finally 
distributes evenly in the complete vesicle. The penetration of SDS to the inner bilayers seems 
to be the rate-limiting step. In case of excess cationic surfactant, a second charge reversal 
from negative to positive occurred when all SDS was sorbed in the vesicle (Fig. 5.2a and 
Fig. 5.5). Table 5.1 shows that the turbidity rose more than proportional to the total 
concentration at fixed molar ratio, pointing to the importance of vesicle interactions. The 
vesicle interaction forces may be of electrostatic or hydrophobic origin. Fig. 5.6 shows that a 
maximum turbidity was observed before the charge went from negative through zero to 
positive whereas the opposite is expected if only electrostatic interactions work. This indicates 
that SDS makes the surface more hydrophobic, leading to hydrophobic interactions between 
the vesicles. When the excess cationic surfactant was high enough, the charge went fast from 
negative through zero to positive and the SDS making the outer monolayer hydrophobic was 
consumed fast by the inner layers. Therefore, the time where the vesicle surface was poorly 
charged and hydrophobic due to SDS adsorption was short. Consequently the turbidity 
increase was limited. In case of DEEDMAC vesicles, flocculation was even partly reversible 
as the turbidity decreased after reaching a maximum (Fig. 5.3). At molar ratios below 0.55 
(results not shown) about the same turbidities as without SDS were again obtained after a 
while indicating that the vesicles remained intact upon adding SDS. When the excess cationic 
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surfactant decreased, the surface charge density achieved equilibrium more slowly and the 
outer monolayer remained more hydrophobic for a longer time. During this equilibration the 
vesicle surface was poorly charged and hydrophobic for a longer time and therefore the 
turbidity gets higher. This was observed as well for the sonicated unilamellar DODAB 
vesicles where turbidity rose more than proportional to the molar ratio (Table 5.1) as for the 
multilamellar DEEDMAC vesicles (Fig. 5.6). Adding SDS slowly to the sonicated vesicles 
kept the vesicle surface poorly charged and hydrophobic for a longer time resulting in more 
flocculation and a higher turbidity (Fig. 5.1). Even if the SDS-DODAB complex formed 
separate particles in the end, as was found in chapter IV, vesicle flocculation may occur 
before this and determine the final turbidity to a great extent. 
 
5.5 Conclusions 
From a comparison of different cationic vesicle types, it was concluded that mainly the 
number of bilayers determined the equilibration kinetics between the vesicles and the SDS. 
More layers resulted in slower equilibration. Upon adding SDS to cationic vesicles, the 
electrophoretic mobility goes from positive to negative. Not only were all positive charges in 
the outer monolayer neutralized, there was also some excess SDS adsorbed on the surface. As 
time proceeded, the inner layers sorbed more SDS. Consequently, the surface charge density 
increased and the SDS concentration in the bulk decreased. In the case of an excess cationic 
surfactant, eventually all SDS in the bulk got incorporated in the vesicle causing the surface 
charge density to become positive again. It was concluded from combining time-resolved 
turbidity and LDE measurements that flocculation occurred mainly before this second charge 
reversal, i.e. when the surface charge density was still negative. This indicates that besides 
electrostatic interactions also the hydrophobic effect was responsible for vesicle flocculation 
upon SDS addition.      
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 Chapter VI:  
A phenomenological model for sorption  
of propranolol in DMPC vesicles 
 
6.1 Introduction 
A lot of medicinal compounds exert their therapeutic action through a specific interaction 
with their corresponding receptors at the surface of cellular membranes. However, important 
categories of pharmaceuticals such as anaesthetics and β-receptor blocking agents can interact 
both specifically (Schlieper and Steiner, 1983) and non-specifically (Smith, 1982). 
Propranolol (Ppn) (Fig. 6.1) is a β-receptor blocking agent that also has a local anaesthetic 
activity (Cao et al., 1991).  
O NH
OH
O NH2
OH +
Cl -
 
Figure 6.1. Molecular structure of propranolol.  
 
Many authors (Albertini et al., 1990; Cao et al., 1991; Krill et al., 1998) found that the Ppn 
naphthalene rings interact aspecifically with the hydrocarbon core of the phosphatidyl choline 
bilayer favouring the use of a simple partitioning model, which consists of a distribution of 
Ppn between the membrane phase and the aqueous phase where the Ppn concentration in the 
membrane phase is directly proportional to the Ppn concentration in the aqueous phase. On 
the other hand, several authors (Cao et al., 1991; Herbette et al., 1983) found evidence for 
interaction between the Ppn amine and the phosphate group of dimyristoylphosphatidyl 
choline (DMPC) that was aggregated in vesicles. This specific interaction is likely to result in 
monolayer adsorption and thus a limited maximum amount Ppn sorbed. Therefore, the 
Langmuir partitioning model may be better suited to describe the Ppn sorption behaviour of 
Ppn in DMPC vesicles.  
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In the past, apparent interaction coefficients of charged drug molecules with lipid 
membranes were derived manifold from sorption experiments (Avila and Martinez, 2003; de 
Paula and Schreier, 1995; Garcia et al., 1997; Krämer et al., 1998; Kubo et al., 1986; 
Malheiros et al., 2004; Ottiger and Wunderli-Allenspach, 1997; Pauletti and Wunderli-
Allenspach, 1994; Santos et al., 2003; Varga et al., 1999). On the other hand, intrinsic 
interaction coefficients were rarely determined (Banerjee et al., 1995; Bennouna et al., 1997; 
Esher et al., 2000; Matos et al., 2004) as this involves elaborate calculations of the 
electrostatic interactions. In the present work, the intrinsic interaction coefficients of both the 
protonated and the unprotonated form of Ppn in dimyristoylphosphatidyl choline (DMPC) 
liposomes were determined using both the simple partitioning model and the Langmuir 
partitioning model allowing a comparison of both models. Data fitting was done on both 
electrophoretic light scattering data, assessing only the protonated Ppn sorbed, and sorption 
data, assessing both protonated and unprotonated Ppn sorbed. Moreover, through 
quantification of the interdependence of the different intrinsic parameters using a sensitivity 
analysis, the reliability of each model was evaluated. Fitting experimental data obtained at 
different pH and salt concentrations to a phenomenological sorption model contributes not 
only to the quantification but also to the understanding of drug binding. Because liposome-
water partitioning is well known to be correlated with pharmacokinetic and pharmacodynamic 
processes (Testa et al., 2000), it can be an important variable in quantitative structure-activity 
relationship (QSAR) studies (Betageri and Rogers, 1989; Beigi et al., 1998; Choi and Rogers, 
1990; Rogers and Choi, 1993). 
  
6.2 Materials 
D/L-Propranolol hydrochloride was obtained from Acros Organics (Belgium). 1,2-
Dimyristoyl-sn-Glycero-3-phosphocholine (DMPC) was used as received from Avanti Polar-
Lipids (Alabaster). N-Tris(hydroxymethyl)-methyl-2-amino-ethane sulfonic acid (TES) 
(Merck, Darmstadt) was used to prepare buffer at pH 7.0 or 8.0 whereas acetic acid (Merck, 
Darmstadt) was taken for the buffer at pH 4.0. The pH of the buffers was adjusted to the 
desired pH value with 1 N KOH. In each case, the buffer concentration was 5 mM and 
contained either no KCl, 5 mM KCl or 75 mM KCl. All chemicals used were of a pro analysis 
grade.       
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6.3 Methods 
6.3.1 Preparation of liposomes  
After adding the buffer to the DMPC powder, this dispersion was stirred during 3 hours at 
37 °C using a magnetic stirrer. Subsequently, equal volumes of the phospholipid dispersion 
and Ppn solution, made in buffer at various concentration, were mixed and then incubated 
during 12 hours at 37 °C.  
 
6.3.2 Electrophoretic light scattering  
The electrophoretic mobility of MLV was measured with laser doppler electrophoresis 
(LDE) using a Zetasizer IIc (Malvern, U.K.) apparatus. The temperature was fixed at 37 °C 
and the electric field strength was kept at 1400 V/m (Direct Current). The results shown are 
the average of at least three consecutive measurements of 30 seconds. The DMPC 
concentration was 0.2 g/l. The electrophoretic mobility of DMPC liposomes at different Ppn 
concentrations was measured at pH 4.0, 7.0 and 8.0 in buffers containing 0, 5 and 75 mM 
KCl. 
   
6.3.3 Determination of the amount sorbed  
Ppn remaining non-bound after the incubation period was first separated from the liposomes 
by centrifugation at 37 °C for at least one hour at 4000 × g. The supernatant contained besides 
non-sorbed Ppn also Ppn sorbed in a small fraction of liposomes that were not sedimented 
after the centrifugation. The Ppn concentration in the supernatant [PPN]SUP was determined 
by measuring the light absorbance at 350, 335, 317, 302, 289, 275 and 260 nm. These 
absorbances are fitted to the absorbances of a standard Ppn solution in the same buffer at the 
same wavelengths. Hereby, a background absorbance, which is exponentially decreasing with 
the wavelength, was introduced as a correction for the light scattered by the liposomes present 
in the supernatant. Thus, the following expression is fitted to the obtained spectrum: 
P1×(absorbance standard Ppn solution)+P2×exp(-P3×wavelength) where P1, P2 and P3 are 
adjustable parameters. The squared difference between this expression and the experimentally 
obtained absorbance of the supernatant was calculated for all wavelengths. Then the sum of 
these squared differences was minimized by adjusting P1, P2 and P3. The product of P1 and the 
concentration of the standard solution represents the Ppn concentration in the supernatant. A 
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typical spectrum of a supernatant is shown in Fig. 6.2. The Ppn component P1×(absorbance 
standard Ppn solution) and the light scattering component P2×exp(-P3×wavelength) are shown 
as well. 
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Figure 6.2. Example of the Ppn assesment process through data fitting. Circles: 
spectrum of an eluate containing 0.113 mM Ppn, triangles: Ppn component, diamonds: 
light scattering component. The lines connecting the datapoints are just guides for the 
eye.  
 
The molar extinction coefficient at 289 nm was found to be 5.72 M-1cm-1 by a linear 
regression (R²=0.999) using a series of standard Ppn solutions.  
The DMPC concentration added [DMPC]tot was 2.9 mol/m³, corresponding to 2.0 g/l. The 
supernatant DMPC concentration [DMPC]SUP, expressed in mol/m³, was determined through 
phosphate analysis according to Vaskovsky et al. (1975). The concentration of Ppn bound 
[PPN]bilayer, in mol/m² DMPC, can be expressed using a mass balance both in the sedimented 
fraction: 
[ ] [ ] [ ][ ] [ ]SUPtot
SUPtot
bilayeraDMPC DMPCDMPC
PPNPPNPPNNpa −
−=             (Eq. 6.1) 
and in the supernatant: 
[ ] [ ] [ ][ ]SUP
freeSUP
bilayeraDMPC DMPC
PPNPPN
PPNNpa
−=               (Eq. 6.2) 
where [PPN]free, [PPN]tot and [PPN]SUP, all expressed in mol/m³, are the non-bound, the total  
and the supernatant Ppn concentration, respectively. Na is Avogadro’s number and the 
projected surface of DMPC paDMPC is 60 Å2 (Egorova, 1994).    
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Merging both equations allows to calculate [PPN]free: 
[ ] [ ] [ ] [ ] [ ][ ] [ ]SUPtot
totSUPtotSUP
free DMPCDMPC
PPNDMPCDMPCPPNPPN −
−=          (Eq. 6.3) 
The amount Ppn sorbed in DMPC liposomes was determined at pH 7.0 in 5 mM TES-buffers 
containing 0, 5 and 75 mM of added KCl, respectively.     
 
6.3.4 Langmuir partitioning model   
The bilayer concentrations of protonated Ppn [ ]bilayerPPN +  and unprotonated Ppn 
, both expressed in mol/m² DMPC, are related to the Ppn concentrations in the 
aqueous phase at the surface [  and 
[ ]bilayernPPN
]surfacePPN + [ ]surfacenPPN , both expressed in mol/m³, by: 
[ ] [ ][ ]surface
surface
bilayer PPNa
PPNaX
PPN ++
+++
+
+= 1
max
                 (Eq. 6.4) 
[ ] [ ][ ]surfacenn
surface
nnn
bilayer
n
PPNa
PPNaX
PPN += 1
max
                (Eq. 6.5) 
where a+ and an represent the sorption affinity constants for protonated and unprotonated Ppn 
expressed in m³/mol, whereas and are the maximum bilayer concentrations of the 
protonated and unprotonated form of Ppn expressed in mol/m² DMPC. The maximum Ppn 
bilayer concentration Xmax   
+
maxX nX max
nXXX maxmaxmax += +                       (Eq. 6.6) 
was calculated to be 2.77 × 10-6 mol/m² DMPC based on 1 to 1 binding to the DMPC 
headgroups using a DMPC projected surface area of 60 Å2 (Egorova, 1994).  
   
6.3.5 Simple partitioning model  
The bilayer concentration of protonated and unprotonated Ppn are related to the Ppn 
concentrations in the aqueous phase at the surface by: 
[ ] [ ]surfacebilayer PPNKPPN +++ =                    (Eq. 6.7) 
[ ] [ ]surfacennbilayern PPNKPPN =                   (Eq. 6.8) 
where K+ and Kn represent the partition coefficients, expressed in m³/m² DMPC.  
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6.3.6 Data fitting  
The concentration in the aqueous phase at the surface of unprotonated Ppn [ ]surfacenPPN  
equals the free concentration [  whereas the surface concentration of protonated Ppn 
 follows a Boltzmann distribution: 
] freenPPN
[ ]surfacePPN +
[ ] [ ] ⎟⎠
⎞⎜⎝
⎛−= ++
RT
FPPNPPN surfacefreesurface
ψexp               (Eq. 6.9) 
where F is the Faraday constant (96487 C), R is the universal gas constant (8.31 J/K/mol), T 
is the temperature, expressed in K, and surfaceψ  is the surface potential, expressed in V.   
The free concentrations of the protonated and the unprotonated form of Ppn are calculated 
using the Henderson-Hasselbalch equation:  
[ ]
[ ] pHpKaPPN
PPN
w
free
n
free −=⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
log                   (Eq. 6.10) 
where pKaw is the negative logarithm of the acid dissociation constant of Ppn in water, which 
is 9.24 at 37 °C (Pauletti and Wunderli-Allenspach, 1994). The surface potential was 
calculated from the surface charge density surfaceσ  according to the Gouy-Chapman equation: 
[ ] wo
surfacesurface
saltRTRT
F
εε
σψ
82
sinh =⎟⎠
⎞⎜⎝
⎛                  (Eq. 6.11) 
where εο is the permittivity in vacuum (8.854 × 10-12 F/m) and εw is the dielectric constant of 
water. The surface charge density surfaceσ  is calculated from  
[ ] [ ] oaPPNbilayerbilayersurface NpaPPNPPNF σσ ++=
+
1
1           (Eq. 6.12) 
Unless otherwise stated, a Ppn projected surface area paPPN of 30 Å2 was used in the 
calculations (Surewicz and Leyko, 1981). The surface charge density in absence of Ppn (σo) 
was derived from electrophoretic light scattering experiments. The ionic species concentration 
[salt] was the sum of the concentration of dissociated buffer species, the added KCl 
concentration and the concentration of protonated Ppn in the bulk, expressed in mol/m³.    
The shift in the negative logarithm of the Ppn acid dissociation constant from the pKaw in 
water to the pKabilayer in the bilayer is expressed as:  
[ ] [ ]
[ ] [ ] ⎭⎬
⎫
⎩⎨
⎧=−=∆ +
+
surfacebilayer
n
surface
n
bilayer
wbilayer
PPNPPN
PPNPPN
pKapKapKa log         (Eq. 6.13) 
When the Langmuir model is used, the pKa-shift can be written as:  
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[ ]( )
[ ]( ) ⎭⎬
⎫
⎩⎨
⎧
+
+=∆ ++
++
nn
surface
surface
nn
aXPPNa
PPNaXa
pKa
max
max
1
1
log               (Eq. 6.14) 
When the partitioning model is used, the pKa-shift corresponds to:  
⎭⎬
⎫
⎩⎨
⎧=∆ +
nK
KpKa log                       (Eq. 6.15) 
The scheme in Fig. 6.3 serves to clarify the relations between the different equations.    
 
 
Figure 6.3. Scheme of the interactions between Ppn species in a aqueous vesicle 
dispersion.   
 
According to Eisenberg et al. (1979), the potential at a distance (z) of 2 Å from the bilayer 
surface represents the zeta-potential ζ  which is calculated as: 
( )
( )⎭⎬
⎫
⎩⎨
⎧
−Γ−
−Γ+=
z
z
F
RT
o
o
κ
κζ
exp1
exp1ln2                     (Eq. 6.16) 
with  
Γo =
exp Fψsurface RT( )−1
exp Fψsurface RT( )+1        
The Debye screening length is given by  
[ ]saltF
RTwo
2
1 εε
κ =                        (Eq. 6.17) 
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The experimentally determined electrophoretic mobility was fitted to the electrophoretic 
mobility uef derived from the calculated zeta-potential according to the Dukhin equation:  
( ){ } ( ){ } ( ){ }
( )( ) ( ){ }4~cosh(ln12324~sinh42 2
~sinh4)4~cosh(ln44~sinh8~
2
3~
2
3
2
3
2
2
ζζκ
ζζζζζεε
η
δδ
ppef
wo mmr
BAu
RT
F
−++
−++−=     
(Eq. 6.18) 
where ˜ ζ = Fζ
RT
 is the reduced zeta-potential; ( )ppm MmmA δδδ ζ 22~3 +−= ; 
( )mmp MmmB δδδ ζ 22~3 −+= ; ; mpp mmm +=δ mpm mmm −=δ ; o
mp
womp
RTm
/
/
3
2
ηλ
εε= ; 
( ) ( )2~exp2~exp ζζδ −−= pmm mmM ; ( ) ( )2~exp2~exp ζζδ −+= mpp mmM ;  
Unless otherwise stated, the liposome radius r was assumed to be 500 nm. The parameters mp 
and mm are dimensionless and characterize the contribution of electro-osmotic flow to the 
surface ion fluxes. The limiting ion mobilities of K+ and Cl-, opλ  and omλ , are 0.0070 and 
0.0073 m2Ohm-1mol-1, respectively. The concentration of non-sorbed Ppn [  in the 
electrophoretic mobility measurements was calculated as the difference between the 
concentration added and the concentration bound according to the model.  
] freePPN
Both the sorption data and the electrophoretic mobility data were fitted simultaneously. The 
acid dissociation constant in the bilayer pKabilayer and the sorption affinities a+ and an were the 
variables in the Langmuir model whereas both partition coefficients were the variables in the 
partitioning model. All parameters were varying with salt concentration. The sum of squared 
differences between measured and calculated electrophoretic mobility (in µm.cm/s/V) or 
sorbed concentration (in 10-6 mol/m² DMPC) was first normalized for the variance of the data 
series and then minimized using the Nelder-Mead simplex method (Lagarias et al., 1998). The 
normalised sum of squared differences (NSSD) of each of the 3 sorption data series was 
weighted twice as much in the fit compared to each of the 9 electrophoretic light scattering 
data series. The program that was used to fit the data is given in the Annex.    
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6.4 Results and discussion 
6.4.1 The Langmuir model  
The open symbols in Fig. 6.4 show the amount Ppn sorbed in DMPC vesicles at 3 different 
salt concentrations at pH 7 after 12 hours of incubation. The symbols in grey in Fig. 6.4 show 
the amount Ppn sorbed after an incubation time of 24 hours. This result showed that 
equilibrium was reached within an incubation time of 12 hours. Pauletti and Wunderli-
Allenspach (1994) found that the partition equilibrium of propranolol in phosphatidyl choline 
liposomes was reached within 20 minutes at pH 7.3 and at 37 °C. 
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Figure 6.4. Amount Ppn sorbed in a 2 g/l DMPC liposomal dispersion in 5 mM TES 
buffer at pH 7 containing no KCl (circles), 5 mM KCl (squares) and 75 mM KCl 
(triangles). Solid lines: full Langmuir model; Dashed lines: partitioning model. Open 
symbols: data included in the fit, closed symbols: data not included in the fit. The 
equilibration time was 12 hours except for the data points indicated in grey where it was 
24 hours.   
 
The main source of error of the amount Ppn sorbed is due to the uncertainty of the Ppn 
concentration assessment. The standard error of a Ppn concentration assessment was 
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determined independently from 10 absorbance measurements and was around 4 %. The 
amount sorbed is determined from the difference of the concentration added and the 
concentration of non-sorbed Ppn. The standard deviation of this difference SD is calculated in 
% according to: 
[ ]( ) [ ]( )
[ ] [ ] )(
²04.0²04.0
100(%)
freetot
freetot
PPNPPN
PPNPPN
SD −
×+××=          (Eq. 6.19) 
The error bars comprising twice this standard deviation are shown in Fig. 6.4 for each 
datapoint. This standard deviation was relatively high at high added Ppn concentration since 
only a relatively small amount sorbed. The datapoints where this error was higher than 10 % 
were not included in the fit and are shown in Fig 6.4 as solid symbols.  
  
The symbols in Fig. 6.5 show the result of electrophoretic light scattering experiments made 
on DMPC vesicles at different Ppn concentrations at pH 4.0 (Fig. 6.5a), pH 7.0 (Fig. 6.5b) 
and pH 8.0 (Fig. 6.5c).  
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Figure 6.5. Effect of Ppn on the electrophoretic mobility of a 0.2 g/l DMPC liposomal 
dispersion at pH4 (a), at pH 7(b) and at pH 8(c) without any KCl (ο), with 5 mM KCl 
( ) or with 75 mM KCl (∆) added to the buffer. Solid lines: full Langmuir model ; 
dashed lines: partitioning model. 
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At pH 4.0 almost all non-absorbed Ppn is in the protonated cationic form, whereas at higher 
pH an increasing fraction of the unprotonated neutral form is present (pKaw = 9.24). As more 
Ppn is sorbed, the liposome surface potential increases leading to repulsion of positively 
charge species like protonated Ppn and protons. The repulsion of protons leads to an increased 
surface pH resulting in an increased fraction of unprotonated Ppn at the surface. At each pH, 
the vesicle dispersions were prepared without any KCl added, with 5 mM KCl added and with 
75 mM KCl added. Fig. 6.6 shows the electrophoretic mobility calculated according to the 
Dukhin equation (Eq. 6.18) for different amounts of sorbed positively charged Ppn at the 3 
different salt concentrations used in this study.  
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Figure 6.6. Relation between the electrophoretic mobility and the bound protonated 
Ppn concentration according to the Dukhin equation for DMPC liposomes of 1 µm 
diameter at 25 °C  in 5 mM TES buffer at pH 7 without any KCl (ο), with 5 mM KCl ( ) 
or with 75 mM KCl (∆). 
 
It is seen that an almost linear relation exists between the amount protonated Ppn sorbed and 
the electrophoretic mobility in the Ppn concentration range studied. Thus, electrophoretic 
mobility levels off with Ppn concentration (Fig. 6.5) not because of the limitations of the 
Dukhin equation at high surface charge densities (Egorova et al., 1992) but rather because of 
the increasing repulsion of the nonsorbed protonated Ppn by the surface that gets more 
positively charged due to Ppn sorption. Salt reduces this repulsion leading to more Ppn 
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sorption (Fig. 6.4). It is clear that the lower electrophoretic mobilities measured at higher salt 
concentration (Fig. 6.5) are not due to a lower amount sorbed (Fig. 6.4) but rather to more 
electrostatic screening (Fig. 6.6). Further, it was seen that the electrophoretic mobility 
increases less with Ppn concentration at higher pH (Fig. 6.5). This is obviously because more 
Ppn is in the unprotonated and thus uncharged form as the pH increases.    
 
According to equation 6.14, the pKa-shift can be expressed as a function of the 4 Langmuir 
parameters a+, an, and . As the sum of and  is restricted to 2.77 × 10-6 
mol/m² DMPC, 3 adjustable parameters are left to fit at first sight. When the data were fitted 
by the Langmuir model using 3 adjustable parameters, i.e. the pKa-shift and one affinity 
constant for each Ppn form, it was found that there was one additional interdependence among 
these parameters. For the fit where the affinities were assumed independent of salt 
concentration, this interdependence is shown: Fig. 6.7. shows the combinations of both 
affinities obtained with always the same minimized NSSD of 4.2 and pKa-shift of –1.30.  
+
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Figure 6.7. Combinations of affinities of protonated Ppn a+ and unprotonated Ppn an 
yielding the minimal NSSD according to the Langmuir model where the affinities were 
assumed independent of salt concentration. 
 
Because the pH in our experiment is always at least 1.23 units below the pKaw, the free 
unprotonated Ppn concentration is very low. As stated before, this concentration is the same 
as the one at the surface. Therefore the term [ ]surfacenn PPNa  is very small compared to one. 
Because of this, the Langmuir equation for the unprotonated Ppn (Eq. 6.5) may be simplified 
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to . It follows that also the sorption affinity and the 
sorption maximum of the unprotonated Ppn are interrelated. Therefore, only 2 parameters 
should be varied while fitting the data to the Langmuir model. Both affinities were set equal 
to each other in all fits done in this work according to the Langmuir model. Thus, only the 
pKa-shift and only one common affinity constant for both the unprotonated and the 
protonated Ppn were used as adjustable parameters. For the sake of completeness, it has to be 
mentioned that this procedure does not imply equal affinities for the protonated and the 
neutral form, but involves that the different affinities of both species are adjusted by varying 
the ratio of the adsorption maxima for the protonated and the neutral form.  
[ ] [ ]surfacennnbilayern PPNaXPPN max=
Table 6.1 shows the parameters derived from the fit according to the Langmuir model, the 
normalised sum of squared differences between model and experiment and the degrees of 
freedom (DF) of the fit.  
 
Table 6.1. Parameters and normalised sum of squared differences (NSSD) obtained 
from the data fit and degrees of freedom (DF) left to fit using the Langmuir model.   
 Langmuir  
Full 
Langmuir 
Reduced A 
Langmuir 
Reduced B 
∆pKa -1.34 -1.30 Set to 0 
ano KCl (m³/mol) 12.6 1.29 
a5mM KCl (m³/mol) 14.7 1.47 
a75mM KCl (m³/mol) 17.4 
13.8 
1.62 
NSSD 3.2 4.1 14.2 
DF 173 175 174 
 
In the ‘Langmuir full model’-fit, the sorption affinity was assumed to be dependent on the 
salt concentration. The solid lines in Fig. 6.4 and Fig. 6.5 represent the least squared 
differences fit obtained with the full Langmuir model.  
In the ‘Langmuir reduced model A’-fit, the sorption affinity was assumed to be independent 
of salt concentration. From the NSSD, obtained after fitting this reduced model and the NSSD 
obtained after fitting the full model, the critical F* value was calculated to be 28 using the 
equation: 
 
( )
)(
*
fullreducedfull
fullfullreduced
DFDFNSSE
DFNSSENSSEF −
−=                (Eq. 6.20) 
where DFfull and DFreduced are the number of degrees of freedom of the full model and the 
reduced model, respectively. This value is higher than the 99.9 percentile of an F2,173 
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distribution, which is 7. Thus the observed differences in intrinsic sorption affinities at 
different salt concentration were significant. 
In order to check if the pKa-shift was significantly different from 0, a fit where the pKa-
shift was fixed to zero (Table 6.1, reduced model B) was compared to the fit where the pKa-
shift was freely adjustable (Table 6.1, full model). Based on the normalised sum of squared 
differences between the fit and the experimental values of this reduced model and the full 
model, NSSDreducedB and NSSDfull respectively,  the critical value F* was calculated to be 620 
using equation 6.20. From the comparison of F* to the 99.9 percentile of an F1,173 distribution, 
which is only 11, it is very clear that the pKa is significantly lower in the bilayer than in the 
water.    
This pKa-shift is related to the free energy difference for deprotonation in the membrane 
compared to an aqueous environment: 
)(303.2 wbilayerwbilayer pKapKaRTGG −=∆−∆ °°              (Eq. 6.21)  
where  and  are the standard free energies for deprotonation in the membrane 
and in water, respectively. The pKa-shift can be interpreted solely in terms of the energy 
transfer of H3O+ ions from the aqueous environment to the membrane. As the pKa-shift in this 
work is an intrinsic one, the electrostatic contribution to this energy difference was already 
accounted for and should not be included. The dominating energy contribution will be the 
Born energy which is due to the difference in dielectric constant between the water and the 
membrane:  
°∆ bilayerG °∆ wG
⎟⎟⎠
⎞⎜⎜⎝
⎛ −=
wbilayerpo
ao
born
r
NeE εεπε
11
8
2
                   (Eq. 6.22) 
where eo is the proton charge (1.602 × 10-19 C) and εbilayer is the dielectric constant at the 
sorption site in the membrane. The radius of the H3O+ rp is 0.17 nm (Cevc and Marsh, 1987; 
Horvath, 1985). By combining equations 6.21 and 6.22, it can be calculated from ∆pKa that 
εbilayer is about 30. Herbette et al. (1983) found by means of neutron diffraction that the amine 
side chain of Ppn is positioned near the phosphate of the phospholipid headgroup. Besides, 
the infra red - bands corresponding to symmetric and asymmetric stretching modes of the 
DMPC phosphate head groups were affected considerably by sorption of Ppn (Cao et al., 
1991). By low-frequency impedance measurements (Ashcroft el al., 1981) and polarity probe 
experiments (Bellemare and Fragata, 1985), the dielectric constant near the phosphate- and 
ester-group regions in phosphatidyl choline bilayers was determined to be around 30. Besides, 
the indirectly determined pKa-shift determined in our work agrees well with the pKa-shift of 
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the amine group of hexadecyl-linked imidazolidine radicals in DMPC bilayers measured 
directly using Electron Spin Resonance spectroscopy (Khramtsov et al., 1992) and with the 
reported pKa-shifts directly determined using nuclear magnetic resonance methods on a series 
of other amine containing drugs embedded in phosphatidyl choline vesicles (Kitamura et al., 
2004; Watts and Poile, 1986).      
    
In order to check the inter-dependence of the parameters derived from the full model for 
each of the 3 salt concentrations, a sensitivity analysis of the model was performed. 
Sensitivity was defined as pAp δδ where the respons A was either electrophoretic mobility or 
sorbed Ppn concentration. In case of the Langmuir model, the parameter p is either the pKa-
shift or the sorption affinity (Fig. 6.8). This sensitivity analysis shows immediately that the 
impact of a change of the pKa-shift was larger than the same relative change of the sorption 
affinity in the different experimental circumstances in this work. At pH 4, both sensitivities of 
the electrophoretic mobility were nearly linearly proportional in the Ppn concentration range 
studied and for all 3 salt concentrations, meaning that there is not enough information 
available in these datasets to derive both parameters separately (Fig. 6.8b). Also at pH 7 the 
curves of the sensitivities of the electrophoretic mobility had a similar shape (Fig. 6.8c). In the 
sorption experiment at pH 7, however, both sensitivities were not directly proportional in the 
concentration range studied (Fig. 6.8a). This was also the case for the sensitivities of the 
electrophoretic mobility at pH 8 (Fig. 6.8d). Hence, it follows that the sorption experiment at 
pH 7 and the electrophoretic mobility experiment at pH 8 provided sufficient information to 
derive both the sorption affinity and the pKa-shift separately using the Langmuir model. 
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Figure 6.8. Sensitivity of the amount Ppn sorbed at pH 7 (a) and of the electrophoretic 
mobility at pH 4 (b), pH 7 (c) or pH 8 (d) without any KCl (circles), with 5 mM KCl 
(squares) or with 75 mM KCl (triangles) in the buffer, to a change in the Ppn pKa-shift 
(filled symbols) or in the Ppn affinity (open symbols) according to the full Langmuir 
model. 
 
In order to further clarify the relation between the parameters in the full Langmuir model, 
combinations of pKa-shift and sorption affinity with NSSD minimized and with NSSD being 
0.1 % higher than the minimum are shown in Fig. 6.9.   
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Figure 6.9. Parameter combinations corresponding to the minimized weighted sum of 
squared differences between the experimental data and the full Langmuir model (+) and 
with the weighted sum of these squared differences being 0.1 % higher than the minimum 
(full line).  
 
In Fig. 6.9, it can be seen that a relatively small variation of the pKa-shift makes NSSD 
0.1 % higher. On the other hand, the differences between the affinities at the 3 different salt 
concentrations seem to be relatively small compared to the variation in affinity constant 
required to increase the NSSD with 0.1 %. Thus, Fig. 6.9 confirms the conclusions obtained 
using the F-tests: the pKa-shift is very significantly different from zero, whereas the 
differences between the affinities at different salt concentrations are somewhat less 
significant.      
As a second part of the sensitivity analysis, the effect of a variation of the estimated Ppn 
projected surface area paPPN (Table 6.2) and the liposome size (Table 6.3) on the parameters 
obtained from the Langmuir fit was investigated. Whereas paPPN will mainly influence the 
surface charge density, the particle size will have an effect on the electrophoretic mobility 
calculated according to the Dukhin equation (Eq. 6.18).  
 
Table 6.2. The effect of different values of the Ppn projected surface area on the 
parameters obtained from the Langmuir fit.  
paPPN (Å²) 0 15 30 45 
∆pKa -1.39 -1.37 -1.34 -1.31 
ano KCl (m³/mol) 13.5 13.1 12.6 12.2 
a5mM KCl (m³/mol) 15.8 15.2 14.7 14.1 
a75mM KCl (m³/mol) 18.8 18.1 17.4 16.7 
NSSD 3.4 3.3 3.2 3.2 
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Table 6.3. The effect of different values of the liposome diameter on the parameters 
obtained from the Langmuir fit.  
 particle size(nm) 250 500 750 1000 
∆pKa -1.32 -1.34 -1.35 -1.35 
ano KCl (m³/mol) 12.7 12.6 12.6 12.6 
a5mM KCl (m³/mol) 14.4 14.7 14.8 14.8 
a75mM KCl (m³/mol) 17.0 17.4 17.6 17.7 
NSSD 3.1 3.2 3.2 3.2 
 
From Table 6.2 and Table 6.3 it is clear that even drastic changes in the assumed value for 
either paPPN or the particle size did not influence the conclusions drawn from the parameters 
obtained. 
   
6.4.2 The simple partitioning model 
The dashed lines in Fig. 6.4 and Fig. 6.5 represent the least squared differences fit using the 
simple partitioning model. Table 6.4 shows the parameters obtained by fitting the simple 
partitioning model. The pKa-shift can be calculated from the partition coefficients using 
equation 6.15.  
 
Table 6.4. Partition coefficients Kn and K+(in 10-6 m³/m² DMPC) and normalised sum of 
squared differences (NSSD) obtained from the data fit and degrees of freedom (DF) left 
to fit using the simple partitioning model.   
Simple partitioning model 
Full 
Simple partitioning model 
Reduced 
 
Kn 
 
K+ 
 
∆pKa 
calculated 
Kn 
 
K+ ∆pKa 
calculated 
No KCl 31.3 1.50 -1.31 
5 mM KCl 38.2 1.65 -1.36 
75 mM KCl 43.9 1.79 -1.39 
35.6 1.68 -1.33 
NSSD 3.9 4.5 
DF 171 175 
 
In the full simple partitioning model, both partition coefficients were allowed to vary with 
salt concentration whereas these were forced to be independent of salt concentration in the 
reduced simple partitioning model. Using equation 6.20, the critical value F* was calculated to 
be 6.6. This is higher than the 99.9 percentile of an F4,171 distribution, which is 4.8, 
confirming that the differences among the partition coefficients at different salt concentration 
were significant.  
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The result of the sensitivity analysis of the simple partitioning model is shown in Fig. 6.10.  
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Figure 6.10. Sensitivity of the amount Ppn sorbed at pH 7 (a) and of the electrophoretic 
mobility at pH 4.0 (b), pH 7.0 (c) or pH 8.0 (d) without any KCl (circles), with 5 mM 
KCl (squares) or with 75 mM KCl (triangles) in the buffer, to a change in the partition 
coefficient of the protonated Ppn (open symbols) or in the partition coefficient of the 
unprotonated Ppn (filled symbols) according to the partitioning model. 
   
Comparing the behaviour of the sensitivities to both partitioning constants versus 
concentration, it is clear that the shape of both curves is always totally different as well for the 
electrophoretic mobility data (Fig. 6.10b-d) as for the sorption data (Fig. 6.10a).  
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The effect of a change of the partitioning constant of unprotonated Ppn on the 
electrophoretic mobility at pH 4 (Fig. 6.10b) or at pH 7 (Fig. 6.10c) is neglectable compared 
to the effect of a change of the partitioning constant of protonated Ppn. At pH 8, the 
electrophoretic mobility is more sensitive to a change in the partitioning constant of the 
unprotonated Ppn (Fig. 6.10d). The sensitivities of the amount sorbed at pH 7 to a change of 
the partitioning constant of the unprotonated Ppn and of the protonated Ppn were of the same 
order of magnitude (Fig. 6.10a). Thus, also in the case of the simple partitioning model it can 
be concluded that the electrophoretic mobility data at pH 8 and the sorption data at pH 7 allow 
to derive both partitioning constants separately. 
Combinations of both partition coefficients with NSSD minimized and with NSSD being 
0.1 % higher than the minimum are shown in Fig. 6.11. 
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Figure 6.11. Parameter combinations corresponding to the minimized weighted sum of 
squared differences between the experimental data and the full partitioning model (+) 
and with the weighted sum of these squared differences being 0.1 % higher than the 
minimum (full line). 
 
6.4.3 Langmuir versus simple partitioning model  
The Langmuir model differs from the simple partitioning model by the condition that 
maximum one Ppn molecule can sorb per lipid molecule. Therefore, the sum of the maximum 
amounts of protonated and unprotonated Ppn sorbed, and , is 2.77 × 10-6 mol/m² 
DMPC. Fig. 6.12 shows the ratio 
+
maxX nX max
nXX maxmax+ according to the full Langmuir model 
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(Table 6.1) for the different pH and salt concentrations used in this study, versus the free Ppn 
concentration.  
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Figure 6.12.  Ratio of the maximum bilayer concentrations nXX maxmax+ according to the 
full Langmuir model at pH 4.0 (a), 7.0 (b) and 8.0 (c) without added KCl(ο), after 
adding 5 mM KCl ( ) and after adding 75 mM KCl (∆). 
 
 
From equation 6.14, it is clear that the ratio nXX maxmax+ balances changes in the 
ratio [ ] [ ] )1()1( surfacesurfacenn PPNaPPNa ++++  since ∆pKa is constant. The numerator in the 
latter ratio is always close to 1 as  is always relatively small in the experimental 
circumstances. From the comparison of equation 6.4 and equation 6.7, it is found that the 
denominator  constitutes the difference between the Langmuir and the 
simple partitioning model for the protonated Ppn. Adjusting 
[ ]surfacenPPN
[ ]surfacePPNa +++1
nXX maxmax
+ thus compensates for 
the limited amounts sorbed in the Langmuir model and therefore transforms the Langmuir 
model in some kind of a simple partitioning model where the maximum amount sorbed is 
limited to Xmax.  
Without any Ppn added, the ratio nXX maxmax+  was independent of pH and salt concentration. 
From equation 6.14, it can be derived that, at zero Ppn concentration, ( )nXX maxmaxlog +  is 
equal to the pKa-shift if both affinities are forced to be equal.     
 
Through comparison of the Langmuir equations 6.4 and 6.5 with the partitioning equations 
6.7 and 6.8, it can be seen that the factors [ ]( )surfacePPNaaX ++++ +1max  and 
[ ]( )surfacennnn PPNaaX +1max  in the Langmuir model are analogous to the partition 
coefficients in the simple partioning model. Therefore, we denote these factors as  
and , respectively. In Fig. 6.13,  and  calculated from the Langmuir 
fit and 
+
LangmuirK
n
LangmuirK +LangmuirK nLangmuirK
+K  and nK  obtained from the fit using the simple partitioning model are plotted 
versus the Ppn concentration for the experimental pH and electrolyte conditions used in the 
experiments above. The effect of limiting the amount of Ppn sorbed to a maximum 
corresponding to 1 Ppn molecule per lipid molecule in the Langmuir model is a decrease of 
the calculated partitioning coefficients with Ppn concentration whereas the partition 
coefficients obtained from the simple partitioning model are constant (Fig. 6.13). At higher 
pH and salt concentration, the amount of sorbed Ppn approaches the maximum more closely 
and therefore the calculated Langmuir partition coefficients decrease more upon adding Ppn. 
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Figure 6.13. Partition coefficients calculated from the Langmuir model of positively 
charged Ppn ( ) and of neutral Ppn ( ) without any added salt (a), after 
adding 5 mM KCl (b) and after adding 75 mM KCl (c) at pH 4.0 (squares), at pH 7.0 
(triangles) and at pH 8.0 (circles). For comparison the partition coefficients of 
positively charged Ppn  (K+: — —) and of neutral Ppn (Kn: —  •  —) obtained from the 
partitioning model, are shown.  
+
LangmuirK nLangmuirK
 
6.5 Conclusions 
Both the Langmuir model and the simple partitioning model were suitable to fit the 
electrophoretic light scattering data and the sorption data obtained in a range of different pH 
and salt concentrations. The Langmuir model fits the data slightly better presumably due to 
the fact that the amount sorbed is limited upon increasing Ppn concentrations added. As the 
electrostatic interactions were accounted for, all parameters obtained from the fits were 
intrinsic. Since the sorption affinities of both the protonated Ppn and the unprotonated Ppn in 
the Langmuir model were interdependent, only one affinity was included for both Ppn forms. 
The only parameter in the Langmuir model besides this affinity, was the pKa-shift, which was 
assumed independent of salt concentration. In the simple partitioning model, a partitioning 
constant for each Ppn form was used as an adjustable parameter. A sensitivity analysis 
showed that mainly the electrophoretic mobility data at high pH and the sorption data 
contained the necessary information to derive the parameters separately. The increase of the 
sorption affinities and partitioning constants with salt concentration was found to be 
significant. The intrinsic pKa was found to be 1.33 units lower in the membrane compared to 
the bulk. The change in standard free energy for deprotonation corresponding to this shift was 
attributed to a shift in dielectric constant from 74 in the aqueous phase to 30 in the bilayer.        
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 Chapter VII:  
Sorption of propranolol in  
mixed DMPC/DMPG magnetoliposomes 
 
7.1 Introduction 
The applications of magnetic fluids, which are stable colloidal suspensions of magnetic 
nanoparticles, are widespread. They are used in e.g. computer hard drives, bioprocessing 
(Nixon et al., 1992) and magnetic refrigeration (McMichael et al., 1992). Magnetic 
nanoparticles stabilised by bilayer forming surfactants are called magnetoliposomes. 
Phospholipid coated magnetoliposomes were first characterized by De Cuyper and Joniau 
(1988). Besides phospholipids also double-tailed quaternary ammonium surfactants were used 
(Bacri et al., 1995; Menager and Cabuil, 1994). Recently, anticancer drug loaded magnetic 
liposomes were successfully targeted in tumours using an implanted magnet (Kubo et 
al., 2001) or external magnetic fields (Jain et al., 2003). As compared to non-magnetic 
liposomes, magnetic liposomes result in a 9-fold increased drug uptake in the brain (Jain et 
al., 2003), which is normally a poorly accessible target site. The gene delivery capabilities of 
magnetoliposomes were demonstrated both in vitro (Hirao et al., 2003) and in vivo (Matsuo et 
al., 2003). Magnetic liposomes may also be used to induce hyperthermia of tumours (Shinkai 
et al., 1999; Suzuki et al., 2003; Yanase et al., 1998) sometimes in combination with drug 
administration (Yanase et al., 1998). Besides their usefulness in drug delivery, 
magnetoliposomes are also excellent tools to study phospholipid transfer between vesicles 
(De Cuyper and Valtonen, 2001) and may be used to measure the elastic modulus of 
membranes (Menager and Cabuil, 1995).  
The amount of sorbed species in liposomes is usually determined from the concentration of 
the sorbing species added and its concentration in the continuous phase after sorption. To 
determine the latter concentration, one usually separates the liposomes from the continuous 
phase by e.g. centrifugation (chapter VI). Whereas conventional methods, like centrifugation, 
fail to separate liposomes containing a considerable fraction of negatively charged lipids, 
magnetoliposomes can still be separated using a high gradient magnetic field. Therefore 
magnetoliposomes were used to study sorption of propranolol (Ppn) in phospholipid bilayers 
containing besides the zwitterionic dimyristoylphosphatidyl choline (DMPC) also the anionic 
dimyristoylphosphatidyl glycerol (DMPG). As also the salt concentration was varied, mainly 
the effect of electrostatic interactions on the sorption of Ppn in phospholipid bilayers was 
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investigated. Furthermore, based on a detailed magnetoliposome characterization, we also 
tried to explain differences in sorption behaviour between magnetoliposomes and 
conventional liposomes.   
 
7.2 Materials  
D/L-Propranolol hydrochloride was obtained from Acros Organics (Belgium). 
1,2-Dimyristoyl-sn-Glycero-3-phosphocholine (DMPC) and the sodium salt of 1,2-
Dimyristoyl-sn-Glycero-3-[phospho-rac-(1-glycerol)] (DMPG) were used as received from 
Avanti Polar-Lipids (Alabaster). N-Tris(hydroxymethyl)-methyl-2-amino-ethane sulfonic acid 
(TES) (Merck, Darmstadt) was used to prepare buffer at pH 7.0. The pH of the buffers was 
adjusted to the desired pH value with 1 N KOH. In each case, the buffer concentration was 
5 mM and contained either no KCl, 5 mM KCl or 75 mM KCl. All chemicals used were of a 
pro analysis grade. 
 
7.3 Methods                                                                                                               
7.3.1 Preparation of magnetoliposomes 
To make colloidal magnetite, essentially the procedure of Khalafalla and Reimers (1980) 
was used, consisting of a coprecipitation of 6 g FeCl2.4aq and 12 g FeCl3.6aq after dissolving 
each in 25 ml distilled water. Then, 25 ml concentrated ammonia was added. The precipitate 
was washed twice with 50 ml ammonia/water (5/95), then heated to 90 °C for 7 minutes, 
meanwhile adding 3 g of lauric acid as a dispersing agent. A highly organized alkanoic acid 
bilayer stabilizes Fe3O4 nanoparticles in water, whereby the surfactants in the inner and outer 
monolayer are probably partly interpenetrated (Shen et al., 1999). This colloidal magnetite 
dispersion was then diluted up to 43 mg Fe3O4 /ml with buffer solution and stored at room 
temperature. To transform these magnetite particles into magnetoliposomes, the procedure of 
De Cuyper and Joniau (1988) was used. Phospholipid vesicles were incubated with the lauric 
acid stabilized magnetite particles using a phopholipid/magnetite mass ratio of 5, and dialysed 
against buffer solution during 4 days at 37 °C, using dialysis membranes with a molecular 
weight cut-off of about 13000 g/mol. During this step, the lauric acid molecules are displaced 
by phospholipid molecules during the incubation and removed from the mixture by dialysis. 
Non-adsorbed phospholipids were removed using high-gradient magnetophoresis. The 
mixture was pumped through glass tubes of 2 mm inner diameter which were plugged with 
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magnetic steel wool (Bekaert, Belgium) and placed in the 5 mm gap between the two conical 
poles of an electromagnet (BrukerBE15, Bruker, Karlsruhe, Germany) operating at 30 A and 
80 V. The retentate was washed with buffer to remove further the non-adsorbed phospholipids 
remaining in the liquid around the magnetoliposomes (Fig. 7.1, step A). Then the magnetic 
field was switched off and the magnetoliposomes were flushed out at high speed (500 ml/h) 
(Fig. 7.1, step B).   
 
 
Figure 7.1. Schematic overview of the separation of eluate and retentate.  
 
7.3.2 Determination of the amount Ppn sorbed  
Ppn was incubated at different concentrations with the magnetoliposome dispersion at 37 °C 
during an incubation period of 12 hours, unless otherwise stated. The sample size was about 
1.5 ml. Then, the magnetoliposomes were separated from this mixture using the high gradient 
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magnetophoresis setup described above (Fig. 7.1, step A). The eluate contained besides non-
sorbed Ppn also Ppn sorbed in a small fraction of conventional liposomes which were 
obviously not retained by the magnetic field. 
The Ppn concentration in the eluate [PPN]eluate was determined by recording the UV 
absorption spectrum between 250 and 340 nm. This spectum is fitted to the spectrum of a 
standard Ppn solution in the same buffer. Hereby, a background curve, which is 
exponentially decreasing with the wavelength, was introduced as a correction for the light 
scattered by the liposomes present in the eluate.  Thus, the following expression is fitted to 
the obtained spectrum: P1×(absorbance standard Ppn solution)+P2×exp(-P3×wavelength) 
where P1, P2 and P3 are adjustable parameters. The squared difference between this 
expression and the experimentally obtained absorbance of the eluate was calculated for all 
wavelengths. Then the sum of these squared differences was minimized by adjusting P1, P2 
and P3. The product of P1 and the concentration of the standard solution represents the Ppn 
concentration in the eluate. A typical spectrum of an eluate is shown in Fig. 7.2, curve A. 
The two components obtained by the fit are shown as well: the Ppn component 
P1×(absorbance standard Ppn solution) (Fig. 7.2, curve B) and the light scattering 
component P2×exp(-P3×wavelength) (Fig. 7.2, curve C) 
The phospholipid concentration of the eluate [PL]eluate was derived from phosphate analysis. 
The amount of phospholipids in the eluate never exceeded more than 15 % of the amount 
added. The concentration of Ppn bound [PPN]bound can be expressed using a mass balance 
both in retentate: 
[ ]
[ ]
[ ] [ ]
[ ] [ ]eluatetot
eluatetot
tot
bound
PLPL
PPNPPN
PL
PPN
−
−=                 (Eq. 7.1) 
and in the eluate: 
[ ]
[ ]
[ ] [ ]
[ ]eluate
freeeluate
tot
bound
PL
PPNPPN
PL
PPN −=                    (Eq. 7.2) 
where [PPN]free and [PPN]tot are the total non-bound and total added Ppn concentration, 
respectively and [PL]tot is the total phospholipid concentration. Merging both equations 
allows to calculate [PPN]free: 
[ ] [ ] [ ] [ ] [ ][ ] [ ]eluatetot
toteluatetoteluate
free PLPL
PPNPLPLPPNPPN −
−=                (Eq. 7.3) 
The concentration Ppn bound, expressed in mol/m² phospholipid, is then calculated from 
[PPN]free, [PPN]tot and [PL]tot. The phospholipid surface area was calculated based on the total 
phospholipid concentration and on a projected surface area of 60 Å² for DMPC 
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(Egorova, 1994) and 62 Å² for DMPG (Toko and Yamafuji, 1980). The amount Ppn sorbed in 
magnetoliposomes were determined after adding different Ppn concentrations at pH 7.0 in 5 
mM TES-buffers containing 0, 5, 10 or 75 mM of added KCl respectively.  
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Figure 7.2. The fitting of a typical spectrum. A: spectrum of an eluate containing 0.224 
mM Ppn, B: Ppn component, C: light scattering component 
 
As the spectrum of a 1.5 ml 0.03 mM Ppn solution was not affected by elution through the 
magnetophoresis sytem, it was shown that sorption of Ppn on one of the components, such as 
the glass wall or the steel wool, can be neglected. When on the other hand plastic tubings 
were used instead of glass tubes, hardly any Ppn was found in the first 1.5 ml eluent.  
In a separate experiment, the mass balance of phospholipids and Fe3O4 was checked. A 
sample of 1.49 g of a 100 % DMPC magnetoliposome batch containing 2.52 mg DMPC and 
1.19 mg Fe3O4 in 5 mM TES buffer at pH 7 was eluted through the magnetophoresis cell at 
37 °C while the magnetic field was on (Fig. 7.1, step A). In the eluate, 0.16 mg DMPC and 
0.03 mg Fe3O4 was found. Then the magnetic field was switched off and the retentate was 
flushed out at 500 ml/h with 3 ml buffer (Fig. 7.1, step B). In the retentate 2.31 mg DMPC 
and 1.19 mg Fe3O4 was found. Thus, the recovery was 98 % for DMPC and 103 % for Fe3O4.        
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7.3.3 Various methods  
The magnetoliposome fatty acid composition was checked by gas-liquid chromatography 
(Carlo Erba, Italy) after acid hydrolysis of the phospholipids and conversion of the fatty acids 
into their more volatile methyl esters using 10 % acetylchloride in methanol.  
The magnetoliposome electrophoretic mobility was measured at 25 °C using a Zetasizer 
nano (Malvern, UK).   
The phospholipid content was derived from phosphate analysis, which was done 
spectrophotometrically according to the method of Vaskovsky et al. (1975).  
Iron content was assessed according to a previously described protocol (De Cuyper and 
Joniau, 1991).  
 
7.4 Results and discussion 
7.4.1 Characterization of the magnetoliposomes 
Three different magnetoliposomes batches were produced. In the first batch, only DMPC 
was used. In the second batch, a mixture of 95 %(m/m) DMPC and 5 %(m/m) DMPG was 
taken. In the third batch, pure DMPG vesicles were added before starting the dialysis. The 
magnetite and phospholipid concentration in each magnetoliposome batch was determined 
immediately after removing excess phospholipids by high gradient magnetophoresis (Table 
7.1). The mass ratio phospholipid/magnetite of the DMPG magnetoliposomes was about 0.80.  
 
Table 7.1. Magnetite and phospholipid concentration of the magnetoliposomal 
dispersions.  
 100 % 
DMPC 
95 % DMPC
5 % DMPG 
100 % 
DMPG 
[Fe3O4] (mg/ml) 1.19 1.05 1.54 
[phospholipid] (mg/ml) 2.52 0.83 1.23 
[phospholipid]/[Fe3O4] (m/m) 2.11 0.79 0.80 
 
It is known that DMPG covers magnetite in a bilayer architecture (De Cuyper and Joniau, 
1988). The cross-sectional area of the PG polar headgroup of 62 Å², (Toko and Yamafuji, 
1980) and the DMPG bilayer thickness of 3.5 nm, (Lewis and Engelman, 1983) (Marra and 
Israelachvilli, 1985) lead to a DMPG bilayer density of 0.934 g/cm³. From this and the 
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magnetite density of 5.18 g/cm³ (Handbook of Chemistry and Physics, 1992-1993), the 
volume ratio phospholipid/magnetite of the DMPG magnetoliposomes is calculated to be 4.3. 
This result corresponds to a magnetite core diameter of 9.4 nm which is in between 8.4 and 14 
nm, the sizes determined using transmission electron microscopy by Peng et al. (2003) and De 
Cuyper and Joniau (1988), respectively, after applying the same preparation method.  
In the batch where the phospholipid coat was composed of 5 %(m/m) DMPG and 
95 %(m/m) DMPC, the phospholipid/magnetite ratio was very similar. On the other hand, if 
the bilayer coat contained only DMPC, this ratio was about 3 times higher, suggesting that 
these magnetoliposomes were multilamellar.    
 
7.4.2 Sorption of propranolol in magnetoliposomes 
Table 7.2 shows that the sorption equilibrium of Ppn in a 5 %(m/m) DMPG – 95 %(m/m) 
DMPC magnetoliposome dispersion in 5 mM TES buffer at pH 7 and at 37 °C was already 
established within 20 minutes, which is the shortest possible measurement time.  
 
 
Table 7.2. Amount Ppn sorbed in a 5 %(m/m) DMPG – 95 %(m/m) DMPC 
magnetoliposome dispersion containing 0.83 mg/ml phospholipids and 1.05 mg/ml 
Fe3O4 in 5 mM TES buffer at pH 7.0 and at 37 °C after various times of equilibration of 
0.08 mM Ppn with the magnetoliposomes.   
equilibration time (hours) amount sorbed (10-6 mol/m² PL) 
0.37 0.246 
2.73 0.233 
6.03 0.240 
24.00 0.238 
48.00 0.254 
 
The influence of the KCl concentration on the amount Ppn sorbed in each magnetoliposome 
batch was studied (Fig. 7.3). The amount of sorbed Ppn increased as the amount of DMPG in 
the bilayers increased. The anionic DMPG induces more attraction of Ppn as more than 99 % 
is protonated and thus positively charged at pH 7. The pKa of Ppn in water at 37 °C is 9.24 
(Pauletti and Wunderli-Allenspach, 1994). The higher local Ppn concentration near the 
surface results inevitably in more sorption. In the case of a negative surface charge density, 
increasing electrolyte concentration lead to less attraction of the protonated Ppn and thus 
lower surface concentrations and lower amounts sorbed. The surface concentration of 
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unprotonated Ppn is affected neither by the surface charge density nor by the electrolyte 
concentration. It follows that the observed effects of electrolyte on the sorption of Ppn into 
5 %(m/m) DMPG / 95 %(m/m) DMPC (Fig. 7.3b) and 100 %(m/m) DMPG (Fig. 7.3c) 
magnetoliposome dispersions were qualitatively as expected.  
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Figure 7.3. The solid lines represent the amounts Ppn sorbed in magnetoliposomes 
containing 2.42 mM 100 %(m/m) DMPC (a) ; 0.78 mM 95 %(m/m) DMPC – 5 %(m/m) 
DMPG (b) or 1.14 mM 100 %(m/m) DMPG (c) at 37 °C and in 5 mM TES buffer at pH 
7 without any added salt (∆), after adding 5 mM KCl (□), 10 mM KCl (◊) and 75 mM 
KCl (○). The dashed line represents the case where all Ppn should be sorbed. The 
dotted lines in (a) represent the amounts sorbed according to the Langmuir model fitted 
to the experimental data in chapter VI. Note the different scales in both x- and y-axes 
between (a), (b) and (c).   
 
In case the 100 %(m/m) DMPC magnetoliposome dispersion is used, however, the surface 
charge density is expected to become positive upon sorption of Ppn. Adding electrolyte is 
thus expected to increase the amount Ppn sorbed because of its reducing effect on the 
repulsive interaction between the non-sorbed protonated Ppn with the magnetoliposome 
surface. Whereas this expected behaviour was found with conventional non-magnetic DMPC 
liposomes, the opposite was observed for DMPC magnetoliposomes (Fig. 7.3a). 
The fact that the DMPC magnetoliposomal dispersions got increasingly more turbid upon 
adding propranolol indicated that the DMPC magnetoliposomes were negatively charged and 
flocculated upon adding Ppn. Even when no Ppn is added, the DMPC magnetoliposomal 
dispersion became turbid after a few days. The increased particle size due to flocculation 
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makes that the zeta-potential ζ  can be estimated from the electrophoretic mobility uef using 
the Helmholz-Smoluchowski equation (Egorova, 1994): 
)/( woefu εεµς =                       (Eq. 7.4) 
where µ is the viscosity of the continuous phase, εο  is the permittivity in vacuum and εw is 
the dielectric constant of water. 
 The zeta-potential of such a turbid 100 %(m/m) DMPC magnetoliposomal dispersion 
without any Ppn was determined to be -22.5 + 0.7 mV in 5 mM TES-buffer, whereas this was 
only -5 + 3 mV for conventional DMPC liposomes in the same experimental circumstances 
(chapter VI). According to Eisenberg et al. (1979), the zeta-potential is the potential at a 
distance (z) of 2 Å from the bilayer surface. The surface potential ψsurface is related to the zeta-
potential by:  
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                  (Eq. 7.6) 
Using these equations, the surface potential was calculated to be –23 mV from which the 
surface charge density was calculated to be -0.0020 C/m² using the Gouy-Chapman equation: 
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               (Eq. 7.7) 
This corresponds to a surface area of about 8000 Å² for every surface charge. Because the 
projected surface area of DMPC in the bilayer is about 60 Å2  (Egorova, 1994), it follows that 
there is about one negative surface charge per 133 DMPC molecules.      
Fatty acid analysis of the 100 %(m/m) DMPC magnetoliposomes showed that 89.2 +/- 
0.5 % (mol/mol) C14:0 and 10.8 +/- 0.5 %(mol/mol) C12:0 was present. The C14:0 fraction 
obviously comes from the phospholipid. A fatty acid analysis of DMPC as received from the 
manufacturer showed that this sample only contained C14:0. The surprisingly large C12:0 
fraction must be due to lauric acid which is left after a 4 days dialysis period. About one lauric 
acid molecule is left per 4.1 DMPC molecules even after 4 days of dialysis at 37 °C. 
Assuming that the lauric acid is homogeneously distributed over the complete bilayer and that 
all negative surface charges are due to lauric acid left after dialysis, it can be concluded that 
only 3.1 % of the lauric acid in the DMPC membrane is dissociated. From this, the apparent 
 -112-
Sorption of propranolol in mixed DMPC/DMPG magnetoliposomes 
pKa of lauric acid in the DMPC bilayer was calculated to be 8.5 using the Henderson-
Hasselbalch equation: 
[ ]
[ ] pHpKaC
C
appedunprotonat
bilayer
protonated
bilayer −=⎟⎟⎠
⎞
⎜⎜⎝
⎛
0:12
0:12
log                (Eq. 7.8) 
This value is in close agreement with the apparent pKa-value of 8.7 for palmitic acid in a 
dipalmitoylphosphatidyl choline bilayer obtained by Gomez-Fernandez and Villalain (1998) 
using Fourier-transform infrared spectroscopy. It is known that the bulk pKa of monomeric 
fatty acids in water is between 4 and 5 (Cistola et al., 1987). Fatty acids incorporated into 
phospholipid bilayer membranes are expected to have a much higher apparent pKa due to the 
electrostatic effect and the lower dielectric constant of the interfacial region as explained in 
chapter VI. The lauric acid which was not removed by the dialysis leads to a negatively 
charged membrane. This explains why adding KCl reduces the amount Ppn sorbed even in the 
case where the magnetoliposomes only contained DMPC. The attractive electrostatic 
interaction between Ppn, which is 99.2 % protonated at pH 7, and the negatively charged 
surface was reduced upon adding electrolyte. This effect makes that the amount Ppn sorbed 
decreases upon adding KCl, even though the intrinsic partition coefficient of both the 
protonated and the unprotonated Ppn increased, as was shown in chapter VI. DMPC 
magnetoliposomes sorbed more Ppn than conventional DMPC liposomes (Fig 7.3a). When 
the effect of the different electrostatic interactions between non-sorbed Ppn and the bilayer 
was reduced sufficiently by the addition of 75 mM KCl, the amounts Ppn sorbed in DMPC 
magnetoliposomes became very similar to the amounts sorbed in conventional DMPC 
liposomes (Fig. 7.3a).      
When the bilayer coat contained the negatively charged DMPG, the electrostatic 
interactions became more important and the reduction of the amount Ppn sorbed upon adding 
KCl was therefore more pronounced.         
   
7.5 Conclusions 
From the phospholipid/magnetite ratio it was found that the DMPG containing 
magnetoliposomes had only a single bilayer and that the pure DMPC magnetoliposomes 
contained more than one bilayer.  
For DMPC magnetoliposomes, even after a dialysis period of 4 days at 37 °C, about one 
lauric acid molecule is left for every 4.1 DMPC molecules in the bilayer. Electrophoretic light 
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scattering experiments indicated that only a small fraction of this lauric acid is dissociated. 
Still, this small negative surface charge provides an increased attraction of Ppn, of which the 
major part is positively charged at pH 7. Adding electrolyte reduces this attraction. Therefore 
the addition of KCl reduced the amount sorbed although the intrinsic partition coefficients of 
both protonated and unprotonated Ppn were shown to increase upon salt addition. The 
presence of the negatively charged phospholipid DMPG in the bilayer coat increased the 
amount sorbed due to an increased attraction between the negatively charged surface and 
protonated Ppn. The effect of KCl was therefore more pronounced in this case.   
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   Chapter VIII:  
Conclusions and future perspectives 
 
8.1 Conclusions 
Sorption in vesicles does not solely depend on the molecular structure of the sorbing 
molecule and the vesicle-forming surfactants. Also the structure of the vesicle can influence 
sorption to a great extent. The vesicle size and shape is mainly determined by the preparation 
method and, more specifically, by the amount of energy used to prepare the vesicles. The 
different ways to prepare vesicles were described in the introduction (chapter I). One way of 
producing vesicles is by applying an amount of shear. The shear rate can be controlled 
accurately using a rheometer. Leaving didodecyldimethylammonium bromide (DDAB) 
samples with concentrations between 15 and 20 %(v/v) undisturbed during a at least days 
resulted in anisotropic small angle neutron scattering (SANS) patterns indicating that a planar 
lamellar phase is present. The perfectly isotropic SANS pattern (Fig. 2.6c) obtained upon 
applying a shear rate of only 8 s-1 on a 15.7 %(v/v) DDAB sample, the sharp viscosity 
increase seen at different DDAB concentrations (Fig. 2.2, Fig. 2.3 and Fig. 2.4) upon applying 
shear and light microscopy observations of a sheared 19.7 %(v/v) DDAB sample (Fig. 2.5) 
were in agreement with the formation of vesicles (chapter II). Further, viscosity 
measurements showed that vesicles were formed at even lower shear rates when the 
concentration was higher: upon shearing a 19.7 %(v/v) or a 24.6 %(v/v) DDAB planar 
lamellar phase at 5 s-1, the viscosity increased drastically whereas the viscosity of a 
15.2 %(v/v) planar lamellar phase did not yet change upon shearing at this shear rate (Fig. 2.2, 
Fig. 2.3 and Fig. 2.4). Applying higher shear rates to concentrated dispersions of vesicle-
forming surfactants does not necessarily lead to vesicles only. The shear stress plateaus 
observed in the rheology measurements (Fig. 2.2, Fig. 2.3 and Fig. 2.4) combined with the 
increased anisotropy in the SANS pattern (Fig. 2.6d) at high shear rates are consistent with a 
separation into bands of a high-viscous multilamellar vesicle phase with a low-viscous planar 
lamellar phase.          
 
Sonication is a preparation method where a much higher power is exerted through ultrasonic 
waves. After sonicating a 3 mM dioctadecyldimethylammonium bromide (DODAB) 
dispersion above the gel to liquid-crystalline phase transition temperature (Tm) and 
subsequently cooling below Tm, mainly prolate unilamellar vesicles smaller than 50 nm were
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observed using cryo transmission electron microscopy (cryo-TEM) (Fig. 3.8). In this work, 
the thermal behaviour of DODAB vesicles was studied before and after sonication. From 
proton nuclear magnetic resonance (1H-NMR) experiments (Fig. 3.2), it was clear that the 
alkyl chains of non-sonicated DODAB vesicles went from the solid state to the fluid state at 
44 °C. However, differential scanning calorimetry (DSC) experiments (Fig. 3.1) showed that 
a second transition occurred at 36 °C besides this gel to liquid-crystalline transition, provided 
that the sample had been cooled before below 15 °C for a sufficient amount of time. This 
hysteresis phenomenon was the reason for a lot of confusion in literature around the thermal 
behaviour of this type of vesicles. The transition at 36 °C occurred between 2 different gel 
states. The particle size hardly changed upon crossing this transition although the turbidity of 
the low-temperature gel phase was twice as high (Fig. 3.3). Small angle X-ray scattering 
(SAXS) and wide angle X-ray scattering (WAXS) experiments showed low-temperature gel 
phase contained the DODAB dihydrate crystal (Fig. 3.4). However, the small DSC peak in 
Fig. 3.1 at 55 °C, which is the melting point of the DODAB dehydrate crystal, indicates that 
this structure does not represent the low temperature state. A dehydrated phase coexisting 
with a dilute phase was also observed using SANS within 2 minutes after cooling a 
concentrated DDAB in D2O dispersion below Tm (Fig. 3.9). After sonication, the major part 
of the low-temperarature transition of DODAB was now occurring around 36 °C upon 
cooling, thus without hysteresis. Moreover, sonication reduced the thermal transition enthalpy 
by about 50 % (Fig. 3.5). This observation was supported by 1H-NMR measurements showing 
that about half of the DODAB alkyl chains were fluid below Tm (Fig. 3.6). This seems to be a 
general behaviour for charged lipids as the same was observed for DODAC, the chloride 
analog of DODAB, and for sodium dihexadecylphosphate (DHP), a negatively charged lipid 
(Fig. 3.7), but not for dispersions of dipalmitoylphosphatidyl choline, an uncharged 
phospholipid. This fluid fraction may be located in the highly curved bilayer regions observed 
with cryo-TEM (Fig. 3.8) and may be related to the finding of other authors that these 
structures have an increased sorption capacity as literature also learns that vesicle bilayers in 
the liquid-crystalline state have a higher sorption capacity.  
 
As explained in the introduction (chapter I), different driving forces for sorption exist. 
Species that are very water-soluble are hardly sorbed in the vesicle bilayers, but can still be 
encapsulated inside the vesicles. The hydrophobic effect makes that it is energetically more 
favourable for species containing non-polar groups to associate with other non-polar groups 
instead of being surrounded by water. This is a major driving force for species with non-polar 
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groups to sorb into vesicle bilayers, which are mainly composed of hydrophobic alkyl chains. 
Another attractive interaction arises from the correlation between the electron motions in 
molecules. This is called the London dispersion forces. In addition, electrostatic interactions 
come into play when the sorbing species are charged. Upon sorption of a charged species in 
vesicles, also the charge density of the vesicles is affected. In chapter VI, sorption of 
propranolol (Ppn), a basic species containing an amine group with a pKa of 9.24, in 
dimyristoylphosphatidyl choline (DMPC) vesicles was studied. Fig. 8.1a shows the amounts 
of protonated and unprotonated Ppn sorbed in DMPC vesicles made in a buffer at pH 4 
containing 75 mM KCl, calculated according to the full Langmuir model that was fitted to the 
experimental data in chapter VI. The otherwise fairly neutral DMPC bilayers got more 
positively charged as more protonated Ppn sorbed leading to an increased surface potential 
(Fig. 8.1b). Because protons are repelled more as the surface potential increases, the surface 
pH gets higher than in the continuous phase. However, this increase was not sufficient to have 
a significant fraction of unprotonated Ppn sorbed (Fig. 8.1b). 
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Figure 8.1. Amount Ppn sorbed, amount protonated Ppn analog Ppn+ sorbed, amount 
unprotonated Ppn analog Ppnn sorbed (a and c) and surface potential and surface pH (b 
and d) according to the Langmuir model that was fitted to the experimental sorption data 
and electrophoretic light scattering data shown in chapter VI. a and b: at pH4 after 
adding 75 mM of KCl; c and d: at pH 8 without any KCl added.   
 
Although the electrostatic interaction between the protonated Ppn and the positively charged 
bilayer is repulsive, sorption was ascertained indicating that the hydrophobic effect and the 
London dispersion forces were acting. Fig. 8.1c shows the sorbed amounts of protonated and 
unprotonated Ppn in DMPC vesicles made in a buffer at pH 8 without any additional salt. In 
these experimental circumstances, mainly the unprotonated Ppn sorbed. Fig. 8.1 thus indicates 
that the chosen experimental circumstances allowed us to study the sorption behaviour of both 
Ppn analogs. This conclusion was also made in chapter VI based on a sensitivity analysis. The 
partition coefficients of both protonated and unprotonated Ppn increased significantly with 
salt concentration (Table 6.4). Further, unprotonated Ppn is sorbed 20 times more efficiently 
than the protonated analog. The unprotonated Ppn is electrically neutral and thus the 
hydrophobic effect and the London dispersion force are not counteracted by electrostatic 
interactions with the positively charged bilayers. From equation 6.15, it follows from both 
partition coefficients that the intrinsic acid dissociation constant pKa of Ppn decreased by 
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about 1.33 units upon sorption. This shift was also found when the Langmuir model was used 
to fit the data and could be explained from change in the dielectric environment of Ppn.   
 
The sorption behaviour of Ppn in DMPC magnetoliposomes was different compared to 
conventional DMPC liposomes. The effect of salt was rather a reduction of the amount sorbed 
in the case of magnetoliposomes (Fig. 7.3a) whereas an increase was expected based on the 
experiments with conventional liposomes (Fig. 6.4). Fatty acid analysis of the 
magnetoliposomes showed that lauric acid was not efficiently exchanged for DMPC in the 
dialysis step during the magnetoliposome preparation procedure. About 1 lauric was left in 
the phospholipid coat for every 4 DMPC molecules. The relatively low zeta-potential of 
-22.5 mV of the DMPC magnetoliposomes indicated that only a minor part of the lauric acid 
molecules was dissociated and thus negatively charged. This effect may be explained from an 
increase of the intrinsic pKa of lauric acid as a result of the lower dielectric constant in the 
bilayer.  
More Ppn sorbed in magnetoliposomes containing the negatively charged phospholipid 
dimyristoylphosphatidyl glycerol (DMPG) compared to pure DMPC magnetoliposomes 
(Fig. 7.3). Whereas electrostatic interactions were counteracting sorption in the case of DMPC 
vesicles, they are a driving force for sorption in case the bilayer is oppositely charged due to 
the presence of DMPG. This is illustrated by the negative effect of salt on the amount of Ppn 
sorbed. The surface pH in case of a 100 % DMPG bilayer is expected to be several units 
below the bulk pH (7) due to the electrostatic attraction of protons. As the intrinsic pKa of 
Ppn in a phospholipid bilayer was around 7.9 (chapter VI), almost all Ppn sorbed will be 
protonated. Even though there exists a strong electrostatic attraction between the positively 
charged Ppn and the negatively charged DMPG, the amounts sorbed still deviate strongly 
from the hypothetical amounts corresponding to 100 % sorption (dashed line in Fig. 7.3c). 
This was not the case when the negatively charged surfactant sodium dodecyl sulfate (SDS) 
was added to vesicles composed of the positively charged surfactant DODAB. When the 
molar concentration of SDS was lower than the molar concentration of DODAB, all SDS was 
complexed within 1 minute in the case of non-sonicated vesicles (Fig. 5.2) and within 
milliseconds in the case of sonicated vesicles (Fig. 4.1). This difference in equilibration time 
between sonicated and non-sonicated vesicles is mainly due to the fact that these vesicles are 
in the gel state before sonication and partly in the liquid-crystalline state after sonication. The 
first and second DSC-upscan of samples containing different amounts of SDS (Fig. 4.7 and 
Fig. 4.8) were much less different after sonication than before, illustrating nicely that non-
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equilibrium phenomena were less pronounced in the much smaller and partly fluid sonicated 
vesicles. Strong electrostatic attraction between SDS and DODAB led to the formation of a 
complex. The 1:1 stoichiometry of the complex was shown by isothermal titration calorimetry 
(ITC) since about 61 kJ heat was produced per mole SDS added up to equimolar ratio. Above 
molar ratio 1, this value suddenly dropped to zero (Fig. 4.3). This high reaction enthalpy 
illustrates the strength of the complex. The melting enthalpy of the complex was superior to 
the melting enthalpy of the original DODAB vesicles by about the same number (Fig. 4.9). 
From the SAXS-spectrum (chapter IV, Fig. 4.10), it was derived that the complex was 
aggregated in a tilted lamellar phase (chapter IV, Fig. 4.11). In this structure, SDS and 
DODAB are filling space very efficiently and are therefore in a close contact.  
A consequence of the very strong interaction between a sorbing species and the vesicle 
forming surfactants is the breakdown of the vesicle system. Electrophoretic light scattering 
showed that the SDS-DODAB 1:1 complex forms separate particles. The turbidity increased 
by at least an order of magnitude because these 1:1 complex particles were much larger than 
the vesicles that were originally present. Using Cryo-TEM, also larger vesicles were found 
(Fig. 4.2), leading to the hypothesis that vesicle fusion may have occurred in the DODAB 
fraction that was not complexed with SDS presumably due to defects resulting from the 
complexation. Upon adding SDS to a sonicated DODAB dispersion, the liquid fraction was 
reduced by a factor roughly equal to the molar ratio SDS/DODAB (Fig. 4.5), indicating that 
both the liquid DODAB and the solid DODAB were complexed to the same extent. Also the 
counterions Na+ and Br- released in the interaction of DODAB with SDS reduced the liquid 
fraction (Fig. 4.6) and increased the turbidity (Fig. 4.1), but both in a more gradual way, and 
at a rate that was proportional to the NaBr concentration. Thus, the release of these 
counterions could not be responsible for the effects observed upon SDS addition.   
The bulkiness of Ppn (Fig. 6.1) compared to SDS may result in a weaker Ppn-DMPG 
complex compared to the SDS-DODAB complex. The amount of phospholipids eluted during 
the magnetophoresis after equilibration with Ppn is an indication for the effect of Ppn on the 
integrity of the bilayer. Whereas this amount was never more than a few % in the case of 
DMPC magnetoliposomes, it was several times higher in the case of DMPG 
magnetoliposomes. This amount increased with increasing Ppn concentration and could be 
reduced by weakening the electrostatic interactions through the addition of salt (Fig. 8.2).    
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Figure 8.2. Fraction DMPG eluted during the magnetophoresis step after incubating 
1.14 mM DMPG magnetoliposomes with different amounts of Ppn in 5 mM TES buffer 
at pH 7 and at 37 °C without any added salt (∆), after adding 5 mM KCl (□) and after 
adding 75 mM KCl (○).   
 
Adding SDS to the multilamellar DEEDMAC vesicles led to a much smaller turbidity 
increase (Fig. 5.3) compared to adding SDS to DODAB vesicles (Table 5.1), indicating that 
the DEEDMAC vesicles remained more intact. In this system, a redistribution of SDS from 
the continuous phase over the outer bilayer to the inner bilayer(s) seemed to occur. This 
redistribution, that was followed using time-resolved electrophoretic light scattering 
experiments, was much slower than in the case of DODAB vesicles even though DODAB 
bilayers are much more rigid (Fig. 5.2a and Fig. 5.5). These observations seem to indicate that 
mainly the number of bilayers determined the redistribution rate. Even below equimolar ratio 
the vesicles surface got negatively charged immediately after SDS addition due to sorption of 
SDS in the outer monolayer. The vesicle surface may become positively charged by 
redistribution. Vesicle flocculation that was followed using time-resolved turbidity 
experiments, occurred before this charge reversal, indicating that flocculation is not only 
governed by electrostatic interactions (Fig. 5.6). SDS may make the DODAB vesicle surface 
more hydrophobic, causing the hydrophobic effect to come into play.    
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8.2 Future perspectives 
The thermal behaviour of bilayers is important for applications involving sorption and for 
many processes occurring in cell membranes, which are natural lipid bilayers. In this work the 
thermal behaviour of the highly charged DODAB bilayer has been further clarified, but the 
low-temperature state was not completely characterized. Using synchrotron SAXS and 
WAXS, it was proved that the low-temperature phase contained the DODAB dihydrate 
crystal, which is the equilibrium structure at this temperature. On the other hand, one cannot 
conclude from the available data that all DODAB is in the dihydrate form. While studying 
surfactant systems below Tm, also non-equilibrium properties inherent to gel-phases need to 
be considered. The DODAB dihydrate may be formed slowly at low temperature. This could 
be confirmed if the characteristic peaks in the X-ray scattering pattern grow upon storage at 
low temperature. At the same time, there may be an extra peak appearing in the DSC-scan due 
to DODAB dihydrate melting. According to Schulz et al. (1998), the DODAB dihydrate 
crystal is melting at 55 °C at high concentrations.  
 
One of the most striking observations in this work was that sonication made about half of 
the alkyl chains fluid in highly charged vesicles. However, the location of the fluid and solid 
regions remains unknown. Only the fluid fraction is observed with 1H-NMR. Adding 
chemical shift reagents may thus be a way to shift the resonance frequency of the fluid alkyl 
chains in the outer monolayer. A possible hypothesis is that a fluid monolayer coexists with a 
solid monolayer. When the outer monolayer is fluid, the whole spectrum will be shifted 
whereas there will be no shift when the inner monolayer is fluid. When the fluid regions are 
located in the highly curved bilayer parts of the sonicated vesicles, about 50 % of the 
spectrum will be shifted. This method would also allow to determine the number of layers of 
a multilamellar cationic vesicle, an important parameter for which accurate methods are 
lacking up to now.     
 
Magnetoliposomes are promising as controlled drug delivery agents. However, some further 
characterization needs to be done. The thermal behaviour of the inner monolayer may be 
different from the outer monolayer due to the phosphate-magnetite interaction. DSC could not 
measure the relatively small heat flow due to phospholipid melting because of the 
overwhelming heat capacity of the magnetite. Also fluorescence measurements are made 
impossible due to the light absorbance of magnetite. The local magnetic field due to the 
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magnetite core may shift the 1H-NMR resonance frequency of the protons in the inner 
monolayer relative to the protons in the outer monolayer. It may thus be worthwile to measure 
the 1H-NMR signal at different temperatures in order to find the gel to liquid-crystalline 
temperature of inner and outer monolayer.  
 
The combination of electrophoretic light scattering and sorption experiments has proven to 
be an accurate way to characterize the sorption behaviour of species that exist in two 
differently charged analogs. Since a phospholipid bilayer can be used as a model for cell 
membranes, accurate knowledge of intrinsic drug sorption affinities in phospholipid vesicles 
may lead to a better understanding of drug action in cells. These sorption parameters, which 
can be measured in different experimental circumstances, could in many cases be included in 
Quantitative Structure-Activity Relationship (QSAR) studies. This could make the 
combination of the above-mentioned techniques with accurate mathematical modeling a 
standard tool in drug research.   
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Encapsulation is involved in many vesicle applications. In case of (partly) hydrophobic 
compounds, encapsulation is mainly due to sorption. Due to the growing use of vesicles as 
controlled drug delivery agents, the sorption of drugs is an important theme in vesicle 
research.  
 
Sorption in vesicles is not only determined by the molecular structure of the sorbing species 
and the vesicles-forming surfactants. Also the structure of the vesicle is important. This 
vesicle structure is largely dependent on the preparation method. In chapter II, the formation 
of vesicles was investigated. In general, the thermodynamical equilibrium structure of vesicle-
forming surfactans in water is a planar lamellar phase. Small angle neutron scattering (SANS) 
experiments showed that a planar lamellar phase was formed when highly concentrated 
didodecyldimethylammonium bromide (DDAB) in D2O samples were left at rest for 2 days at 
room temperature. Rheology experiments showed that a shear rate of 5 s-1 was sufficient to 
transform the aqueous 19.7 %(v/v) and 24.6 %(v/v) DDAB planar lamellar phases into 
multilamellar vesicles. In a 15.2 %(v/v) DDAB in D2O sample, this transition only occurred 
at a shear rate of 10 s-1, indicating that less shear was required to make vesicles if the 
concentration increased. As vesicles are closed structures, the potency to encapsulate 
hydrophilic compounds is proportional to the vesicle fraction. When the shear rate was 
increased further, the SANS scattering pattern became again more anisotropic and a shear 
stress plateau was found. The combination of these 2 observations proved that the low-
viscous and therefore highly sheared lamellar phase coexisted with the more viscous and 
therefore weakly sheared vesicle phase.  
 
The sorption of hydrophobic or amphiphilic species in vesicles is strongly influenced by the 
state of the sorption site, which is the vesicle membrane. In chapter III, the thermal phase 
behaviour of DODAB vesicles was investigated. Vesicle membranes exist in the liquid-
crystalline state above the gel to liquid-crystalline phase transition temperature (Tm) or the gel 
state below Tm. Above 44 °C, DODAB vesicles were shown to be in the liquid-crystalline 
state using 1H-NMR. The enthalpy change of the gel to liquid-crystalline transition was about 
45 kJ/mol. Upon lowering the temperature of the DODAB vesicular dispersions, an additional 
exothermic transition was found around 10 °C. The enthalpy change of this transition was of 
about the same magnitude as the enthalpy change upon upon going from the liquid-crystalline 
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to the gel state. This transition was only reversed at 36 °C. This explains why some authors 
found 2 peaks in a DSC upscan of a DODAB in water sample, whereas others found only the 
gel to liquid-crystalline peak. Only samples which were held below room temperature for a 
sufficient amount of time showed the extra transition at 36 °C in a DSC upscan besides the 
gel to liquid-crystalline transition. Upon cooling down to 5 °C, the particle size hardly 
changed and no precipitation was observed indicating that this low-temperature transition left 
the vesicle aggregation number unchanged. Using small angle X-ray scattering (SAXS) and 
wide angle X-ray scattering (WAXS), it was shown that at least part of the DODAB in a 
vesicle sample was in a dihydrate crystal form after being 1 night at 5 °C.   
 
In this work also the relation between preparation method and vesicle properties governing 
sorption was of primary interest. From literature, it is known that DODAB vesicles prepared 
by the highly energetic ultrasonication method sorb more hydrophobic drugs. In a second part 
of chapter III, the structures formed upon sonication were further investigated. It was found 
using 1H-NMR and DSC that about half of the DODAB alkyl chains remained fluid upon 
cooling below Tm after sonicating above Tm. This may explain the remarkable increase of the 
amount of drug sorbed in DODAB vesicles after sonication since it is also known from 
literature that vesicles in the liquid-crystalline state sorb more efficiently. On cryo-
transmission electron micrographs (cryo-TEM) mainly prolate structures with longest 
diameter of about 50 nm were seen after sonication. The liquid fraction may be located in the 
highly curved parts of these vesicles. About the same liquid fraction was found after 
sonicating dispersions of the chloride analog of DODAB or the negatively charged sodium 
dihexadecylphosphate. Thus, the occurrence of a liquid fraction of about 50 % after sonication 
seems to be a general feature of charged vesicle forming surfactants.    
 
In chapter IV, the complex formation upon adding the oppositely charged surfactant sodium 
dodecyl sulfate (SDS) to DODAB vesicles was investigated. Upon mixing a sonicated 
DODAB dispersion with SDS solution, a 1:1 complex with a reaction enthalpy of about 61 
kJ/mol was formed. The melting enthalpy of the complex was increased by about the same 
number relative to the sonicated DODAB vesicles without SDS. Electrophoretic mobility 
measurements showed that this complex formed separate particles. From the SAXS and 
WAXS patterns, it was found that these particles consisted of a partly dehydrated lamellar 
phase with tilted alkyl-chains. In the uncomplexed DODAB fraction, more large unilamellar 
vesicles were seen with cryo-TEM indicating vesicle fusion. Upon adding SDS the DODAB 
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fraction remaining liquid below Tm after sonication above Tm decreased linearly with the 
SDS/DODAB molar ratio. Adding oppositely charged surfactants to drug-loaded vesicles, 
may thus be a way to control the release of the sorbed drug. Whereas the liquid fraction 
decreased gradually upon salt addition at a rate proportional to salt concentration, the decrease 
upon addition of SDS was nearly instantaneous and the liquid fraction did not change further 
for weeks. The latter observation showed that the phenomena observed upon SDS addition 
were not just due to the NaBr formed upon SDS-DODAB complexation.  
 
DODAB is below Tm at room temperature. Therefore non-equilibrium properties inherent to 
gel phase lipids need to be taken into considereation. The non-equilibrium properties of the 
SDS-DODAB interaction were illustrated by comparing the first and second DSC upscan and 
were clearly less important after sonication. In chapter V, the equilibration kinetics of the 
reation of cationic vesicles with SDS were studied. The precipitate formation of SDS with 
sonicated DODAB vesicles occurred much faster than with unsonicated DODAB vesicles. 
Although diethylester dimethylammonium chloride bilayers (DEEDMAC) were less 
crystalline and more permeable than DODAB, the reaction of SDS with DEEDMAC vesicles 
went much slower than with DODAB vesicles. This behaviour may be explained from the fact 
that DEEDMAC vesicles are multilamellar whereas DODAB vesicles are rather unilamellar. 
Turbidity was used to follow flocculation of DEEDMAC vesicles whereas electrophoretic 
light scattering was used to measure the surface charge density after SDS addition. Both 
techniques were used in a time-resolved manner. When SDS was added to multilamellar 
DEEDMAC vesicles in a molar ratio SDS/DEEDMAC lower than 1, two stages could be 
discerned. The duration of the first stage, where the vesicle surface charge density was 
decreasing due to SDS sorption in the outer monolayer, was shorter than the shortest possible 
measurement time, which is 20 seconds. The charge reversal occurring in this stage because 
an excess SDS sorbed in the outer monolayer, was that fast that no flocculation could be 
observed. In the second stage, the vesicle surface charge density rose because of an SDS 
redistribution from the vesicle outer monolayer to the inner bilayers. The vesicle outer 
monolayer got finally positively charged due to the overall excess DEEDMAC. From the 
comparison of time-resolved electrophoretic mobility and turbidity measurements, it was 
found that flocculation occurred before the charge reversal in the second stage, thus when 
surface of the vesicles was still negatively charged. This indicated that not only electrostatic 
effects governed the interaction between the vesicles leading to flocculation. The most 
reasonable explanation was that not all of the dodecyl-chains of SDS are penetrating the 
 -127-
Summary 
crystalline DODAB bilayer immediately. The increased hydrophobicity of the vesicle surface 
stimulated flocculation due to more hydrophobic interactions.      
 
The vesicle surface charge density also affects sorption of charged species, which in turn is 
changed by sorption of a charged species. Considering a basic compound like propranolol 
(Ppn), the ionisation state depends on the pH. Moreover, the surface pH is related to the 
surface charge density making that the fraction of charged propranolol at the vesicle surface is 
dependent on the surface charge density. Besides, the acid dissociation constant after sorption 
in a vesicle bilayer is different from the one in aqueous environment due to the different 
dielectric environment. This intricate sorption behaviour of Ppn in dimyristoylphosphatidyl 
choline (DMPC) vesicles was studied in chapter VI. The total amount sorbed was determined 
at pH 7 at different salt concentrations using a colorimetric method after separation of the 
vesicles from the continuous phase by centrifugation. In addition, the amount of protonated 
Ppn sorbed was determined at pH 4, 7 and 8 at different salt concentrations by measuring the 
electrophoretic mobility. All data could be well fitted using a Langmuir-based model with two 
adjustable parameters: the intrinsic sorption affinity and the shift in the acid dissociation 
constant. Alternatively, a partitioning model was developed with as adjustable parameters the 
intrinsic partitioning coefficients of both the neutral and the positively charged form of Ppn. It 
was found that the partition coefficient of the neutral form of Ppn was about 20 times larger 
than the one of the protonated form. The increase of both the intrinsic partitioning constants 
and intrinsic sorption affinity with salt concentration was found to be significant. The shift in 
ionisation constant calculated from the partitioning coefficients was similar to the shift 
derived using the Langmuir model and was consistent with the polarity in the DMPC 
headgroup region. 
   
In chapter VII, the sorption behaviour of Ppn in mixed DMPC-dimyristoylphosphatidyl 
glycerol (DMPG) magnetoliposomes was studied. Magnetoliposomes consist of a magnetite 
core with a size of a few nanometers that is coated with one or more phospholipid bilayers. It 
was calculated from the phospholipid over magnetite ratio that DMPC magnetoliposomes 
were multilamellar. A fraction of 5 %(m/m) of the negatively charged phospholipid 
dimyristoylphosphatidyl glycerol (DMPG) was sufficient to have only unilamellar 
magnetoliposomes. The different sorption behaviour of Ppn in magnetoliposomes compared 
to conventional liposomes could qualitatively be explained by an additional negative surface 
charge density due to the presence of about 25 %(mol/mol) lauric acid in the phospholipid 
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bilayer coat, thus indicating that not all lauric acid was exchanged for the phospholipid during 
the dialysis in the magnetoliposome preparation procedure. Further it was found that the 
amount of Ppn sorbed increased as the fraction of DMPG increased. The amount of Ppn 
sorbed in the DMPG containing magnetoliposomes decreased with salt concentration, 
confirming the importance of electrostatic interactions.  
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Door het toenemend gebruik van vesikels als middel om geneesmiddelen op een 
gecontroleerde manier toe te dienen is het belang van sorptie in het vesikel onderzoek de 
laatste decennia steeds toegenomen.   
 
Sorptie in vesikels wordt niet enkel bepaald door de moleculaire structuur van de 
sorberende molecule en van de surfactants die het vesikel vormen; ook de structuur van het 
vesikel zelf is belangrijk. Deze structuur wordt in grote mate bepaald door de bereidingswijze. 
In hoofdstuk II werd de vorming van vesikels bestudeerd. Over het algemeen is de niet-
vesikulaire lamellaire fase de thermodynamisch meest stabiele structuur van surfactants die in 
water vesikels kunnen vormen. Deze niet-vesikulaire lamellaire fase sluit geen water in, 
terwijl vesikels dit wel doen. In toepassingen waar sterk wateroplosbare species ingekapseld 
worden door vesikels, is het ingesloten volume van groot belang. 
Neutronverstrooiingsexperimenten toonden aan dat een niet-vesikulaire lamellaire fase 
gevormd werd wanneer hoog-geconcentreerde didodecyldimethylammonium bromide 
(DDAB) in D2O monsters onverstoord 2 dagen bij kamertemperatuur werden bewaard. 
Reologische experimenten toonden aan dat een afschuifsnelheid van 5 s-1 voldoende was om 
waterige 19.7 %(v/v) en 24.6 %(v/v) DDAB niet-vesikulaire lamellaire fasen om te zetten 
naar multilamellaire vesikels. In het geval van een 15.2 %(v/v) DDAB in D2O staal was 
hiervoor minstens een afschuifsnelheid van 10 s-1 vereist. Bij lagere concentraties is dus een 
hogere afschuifsnelheid nodig om vesikels te maken. Wanneer de afschuifsnelheid verder 
verhoogd werd, bleef de afschuifspanning constant en werd opnieuw een meer anisotroop 
neutronverstrooiingsprofiel waargenomen. De combinatie van deze twee waarnemingen 
waren consistent met het samen voorkomen van enerzijds een niet-vesikulaire lamellaire fase, 
die laag-viskeus was en daarom aan hoge afschuifsnelheden onderhevig was, met anderzijds 
een vesikel fase, die meer viskeus was en daarom slechts aan lage afschuifsnelheden 
onderhevig was.   
 
De sorptie van hydrofobe of amfifiele moleculen in vesikels wordt sterk beïnvloed door de 
fluiditeit van hun sorptieplaats, i.e. het vesikel-membraan. Daarom werd in hoofdstuk III het 
thermisch fasegedrag van dioctadecyldimethylammonium bromide (DODAB) vesikels 
onderzocht. Met 1H-NMR werd aangetoond dat DODAB vesikels in de vloeibaar-kristallijne 
toestand verkeren boven 44 °C. De enthalpie-verandering bij de overgang van de gel naar de 
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vloeibaar-kristallijne toestand was ongeveer 45 kJ/mol. Bij het afkoelen van een DODAB 
monster in de vloeibaar-kristallijne toestand, werd naast de overgang van de vloeibaar-
kristallijne naar de gel toestand een tweede exotherme fase-overgang gevonden rond 10 °C 
met ongeveer dezelfde enthalpie-verandering. Het omkeren van deze transitie bij het 
opwarmen ging pas door bij 36 °C. Dit verklaart waarom sommige wetenschappers 2 
endotherme transities vonden bij het opwarmen van een DODAB dispersie, terwijl anderen 
alleen de overgang van de gel-toestand naar vloeibaar-kristallijne toestand vonden. Alleen de 
monsters die een voldoende lange tijd onder kamertemperatuur bewaard werden voor de 
meting, vertoonden de extra transitie rond 36 °C in een DSC thermogram naast de overgang 
van de gel-toestand naar de vloeibaar-kristallijne toestand. Omdat tijdens een koelcyclus tot 
onder 10 °C geen precipitatie waargenomen werd en de deeltjesgrootte nauwelijks 
veranderde, werd besloten dat dat de transitie bij lage temperatuur het aggregatiegetal van de 
vesikels ongewijzigd laat. Met X-straal diffractie werd aangetoond dat tenminste een deel van 
het aanwezige DODAB als dihydraat-kristal voorkwam na 1 nacht bij 5 °C.   
 
In dit werk werd verder het verband tussen de bereidingswijze en de structuur van vesikels 
bestudeerd. Het is bekend dat DODAB vesikels, die bereid werden door middel van 
ultrasonicatie, meer hydrofobe componenten kunnen sorberen. In het tweede deel van 
hoofdstuk III werd vastgesteld met 1H-NMR en DSC dat ongeveer de helft van de DODAB 
alkylketens in de vloeibaar-kristallijne toestand bleven bij het koelen onder de gel tot 
vloeibaar-kristallijne transitie temperatuur (Tm) na sonicatie boven Tm. Omdat vesikels in de 
vloeibaar-kristallijne toestand efficiënter hydrofobe en amfifiele species sorberen kan dit de 
opmerkelijke stijging van de sorptiecapaciteit van DODAB vesikels na sonicatie, verklaren. 
Op cryo Transmissie Elektron Microscopie (cryo-TEM) foto’s werden vooral cigaarvormige 
vesikels met een lengteas van 50 nm gevonden na sonicatie. De vloeibare fractie is misschien 
verdeeld in de meest gebogen delen van deze vesikels. Gelijkaardige vloeibare fracties 
kwamen voor bij gesoniceerde dispersies van dioctadecyldimethylammonium chloride 
(DODAC) en natrium dihexadecylfosfaat die respectievelijk positief en negatief geladen zijn. 
Het voorkomen van een vloeibare fractie van ongeveer 50 % na sonicatie lijkt een eigenschap 
te zijn van geladen vesikels aangezien de vesikels van gesoniceerde dispersies van 
zwitterionische fosfolipiden nagenoeg volledig in de geltoestand verkeerden na sonicatie.  
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In hoofdstuk IV werd de vorming van complexen bestudeerd na toevoegen van het negatief 
geladen surfactant natrium dodecylsulfaat (SDS) aan DODAB vesikels. Na mengen van een 
gesoniceerde DODAB dispersie met een SDS oplossing werd een 1:1 complex gevormd met 
een reactie-enthalpie van ongeveer 61 kJ/mol. De smeltwarmte steeg met ongeveer dezelfde 
waarde in vergelijking met gesoniceerde DODAB vesikels zonder SDS. Elektroforetische 
lichtverstrooiingsexperimenten toonden aan dat dit complex aparte deeltjes vormde en dus 
geen deel uitmaakte van de vesikels. Uit X-straal verstrooiingsexperimenten werd afgeleid dat 
deze deeltjes bestonden uit een gedeeltelijk gedehydrateerde lamellaire fase waarin de 
alkylketens een hoek van ongeveer 56 ° vormen met de normaal op de dubbellaag. Na het 
toevoegen van SDS werden met cryo-TEM in de niet-gecomplexeerde DODAB fractie meer 
grote unilamellaire vesikels waargenomen. Bovendien werd de DODAB fractie in de 
vloeibaar-kristallijne toestand eerst ogenblikkelijk en recht evenredig met de molverhouding 
SDS/DODAB gereduceerd om vervolgens in de daarop volgende weken constant te blijven. 
Het toevoegen van tegengesteld geladen surfactants kan dus een manier zijn om in vesikels 
gesorbeerde componenten op een gecontroleerde manier terug vrij te stellen. Na toevoegen 
van NaBr aan een gesoniceerde DODAB dispersie daalde de vloeibare fractie geleidelijk aan 
met een snelheid evenredig met de NaBr concentratie. Dit suggereert dat de waarnemingen bij 
het toevoegen van SDS aan een gesoniceerde DODAB dispersie niet te wijten zijn aan het 
zout dat gevormd wordt bij de complexatie-reactie tussen SDS en DODAB.  
 
De Tm van DODAB vesikels is ongeveer 44 °C. Daarom moet bij kamertemperatuur 
rekening gehouden worden met de niet-evenwicht eigenschappen die typisch zijn voor 
vesikels in de gel-toestand. De niet-evenwicht eigenschappen van de SDS-DODAB interactie 
werden geïllustreerd door het eerste en daaropvolgende DSC thermogram op hetzelfde staal 
met elkaar te vergelijken. Na sonicatie waren deze niet-evenwicht eigenschappen duidelijk 
minder belangrijk. In hoofdstuk V werd de kinetiek van de evenwichtsinstelling na de 
toevoegen van SDS aan kationische vesikels verder bestudeerd. De vorming van een 
precipitaat van SDS met gesoniceerde DODAB vesikels gebeurde sneller dan met niet-
gesoniceerde vesikels. Niettegenstaande dat diethylester dimethylammonium chloride 
(DEEDMAC) dubbellagen minder kristallijn en meer permeabel zijn dan DODAB 
dubbellagen, gebeurt de reactie van SDS met DEEDMAC vesikels toch veel trager dan met 
DODAB vesikels. Dit verschil kan verklaard worden door het feit dat DEEDMAC vesikels 
multilamellair zijn terwijl DODAB vesikels eerder unilamellair zijn. Turbiditeit werd gebruikt 
als een maat voor flocculatie van de vesikels na toevoegen van SDS. Met elektroforetische 
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lichtverstrooiing werd de oppervlakteladingsdichtheid gemeten. Na het toevoegen van SDS 
aan deze multilamellaire DEEDMAC vesikels in een molverhouding SDS/DEEDMAC 
kleiner dan 1, werden 2 stadia onderscheiden. In het eerste stadium, dat korter is dan de korst 
mogelijke meettijd, i.e. 20 seconden, daalt de oppervlaktelading omdat in de buitenste 
monolaag sorptie van SDS relatief meer doorgaat dan desorptie en herverdeling naar de 
binnenste monolagen. De oppervlakteladingsomkering die hierbij vaak optrad door sorptie 
van een overmaat SDS in deze buitenste monolaag, gebeurde zo snel dat nauwelijks 
flocculatie optrad. In het tweede stadium steeg de oppervlakteladingsdichtheid van de vesikels 
omdat het SDS zich vanuit de buitenste monolaag verder verdeelde over het volledige vesikel. 
Uiteindelijk werd oppervlaktelading terug positief doordat er in het staal een overmaat 
DEEDMAC aanwezig is. Omdat deze tweede ladingsomkering veel trager gebeurde, kon de 
flocculatie van de vesikels nu wel waargenomen worden door middel van 
turbiditeitsmetingen. Door de elektroforetishe lichtverstrooiingsexperimenten en 
turbiditeitsexperimenten, beide als functie van de tijd, met elkaar te vergelijken, werd 
vastgesteld dat flocculatie net voor de ladingsomkering in het tweede stadium optrad, dus 
wanneer de oppervlaktelading van de vesikels nog negatief was. Dit wijst erop dat niet alleen 
elektrostatische effecten het flocculatie-gedrag van de vesikels bepalen. De meest voor de 
hand liggende verklaring is dat niet alle dodecyl-ketens van SDS onmiddellijk penetreren in 
de DEEDMAC dubbellaag, wellicht omdat deze in de geltoestand verkeert. Hierdoor wordt 
het vesikeloppervlak meer hydrofoob, waardoor ook hydrofobe interacties mee flocculatie 
kunnen veroorzaken.  
 
De oppervlakteladingsdichtheid is een andere eigenschap van vesikels die de sorptie van 
geladen moleculen in belangrijke mate beïnvloedt. Deze oppervlakteladingsdichtheid 
verandert door sorptie van geladen moleculen. Voor basische componenten, zoals propranolol 
(Ppn) is de ionisatietoestand afhankelijk van de pH. Bovendien is de pH aan het oppervlak 
afhankelijk van de oppervlakteladingsdichtheid. Daardoor is de fractie geladen propranolol 
aan het vesikel-oppervlak afhankelijk van de oppervlakteladingsdichtheid. Daarnaast is het 
ook zo dat de zuur dissociatieconstante na sorptie in een vesikel dubbellaag verschilt van deze 
in waterig milieu. Dit ingewikkeld sorptiegedrag van Ppn in dimyristoylfosfatidyl choline 
(DMPC) vesikels werd bestudeerd in hoofdstuk VI. De totale hoeveelheid gesorbeerd Ppn 
werd bepaald bij pH 7 bij 3 verschillende zoutconcentraties met een kolorimetrische methode 
na afscheiding van de vesikels van de continue fase door centrifugatie. De hoeveelheid 
geprotoneerd gesorbeerd Ppn werd bepaald bij pH 4, pH 7 en pH 8 bij dezelfde 
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zoutconcentraties door middel van elektroforetische lichtverstrooiingsexperimenten. Alle data 
konden goed gefit worden door een Langmuir model met 2 aanpasbare parameters: de 
intrinsieke  sorptie-affiniteit en de de zuur dissociatieconstante in de bilayer. Als alternatief 
werd een partitie-model ontwikkeld met als aanpasbare parameters de intrinsieke partitie-
coëfficiënten van de neutrale en van de positief geladen vorm van Ppn. Er werd vastgesteld 
dat de partitie-coëfficiënt van de neutrale vorm ongeveer 20 keer groter was dan die van de 
geprotoneerde vorm. De stijging van beide intrinsieke partitie-coëfficiënten en van de 
intrinsieke sorptie-affiniteit met de zoutconcentratie was significant. De verschuiving van de 
zuur dissociatie-constante die berekend werd uit beide partitie-coëfficiënten was ongeveer 
gelijk aan de verschuiving afgeleid uit het Langmuir model en was consistent met de polariteit 
rond de DMPC kopgroep.  
 
In hoofdstuk VII werd het sorptiegedrag van Ppn in gemengde DMPC-dimyristoylfosfatidyl 
glycerol (DMPG) magnetoliposomen bestudeerd. Magnetoliposomen bestaan uit een 
magnetiet kern van enkele nanometers die gecoat is met een of meerdere fosfolipiden 
dubbellagen. Uit de fosfolipiden over magnetiet verhouding werd berekend dat de DMPC 
magnetoliposomen multilamellair waren. Een fractie van 5 %(m/m) van het negatief geladen 
DMPG was voldoende om de magnetoliposomen unilamellair te maken. Het verschillend 
sorptiegedrag van Ppn in magnetoliposomen in vergelijking met dat in conventionele 
liposomen kon kwalitatief verklaard worden door een bijkomende negatieve 
oppervlaktelading veroorzaakt door een fractie van ongeveer 25 %(mol/mol) laurinezuur in de 
fosfolipiden dubbellaag. Dit wijst erop dat het laurinezuur niet volledig uitgewisseld werd 
voor fosfolipiden tijdens het aanmaken van de magnetoliposomen. Verder was het ook zo dat 
de hoeveelheid gesorbeerd Ppn steeg met de fractie DMPG en daalde met de zoutconcentratie, 
wat het belang van elektrostatische interacties bevestigt.    
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 Annex: MATLAB program used in chapter VI 
 
The following program was written to calculate the sorption affinity and the pKa-shift upon 
sorption of propranolol in DMPC liposomes according to the full Langmuir model that was 
described in chapter VI. FINAL.m is the main program. The sub-programs are always 
indicated in bold italics.  
 
FINAL.m 
 
PfZetaE0 = evalin('base','PfZetaE0'); 
PfZetaE5 = evalin('base','PfZetaE5'); 
PfZetaE75 = evalin('base','PfZetaE75'); 
PfZetaS0 = evalin('base','PfZetaS0'); 
PfZetaS5 = evalin('base','PfZetaS5'); 
PfZetaS75 = evalin('base','PfZetaS75'); 
PfZetaF0 = evalin('base','PfZetaF0'); 
PfZetaF5 = evalin('base','PfZetaF5'); 
PfZetaF75 = evalin('base','PfZetaF75'); 
assignin('base','PfZetaE0new',PfZetaE0); 
assignin('base','PfZetaE5new',PfZetaE5); 
assignin('base','PfZetaE75new',PfZetaE75); 
assignin('base','PfZetaS0new',PfZetaS0); 
assignin('base','PfZetaS5new',PfZetaS5); 
assignin('base','PfZetaS75new',PfZetaS75); 
assignin('base','PfZetaF0new',PfZetaF0); 
assignin('base','PfZetaF5new',PfZetaF5); 
assignin('base','PfZetaF75new',PfZetaF75); 
for i=1:7; 
EINDEtwee; 
PszetaE0 = evalin('base','PszetaE0'); 
PszetaE5 = evalin('base','PszetaE5'); 
PszetaE75 = evalin('base','PszetaE75'); 
PszetaS0 = evalin('base','PszetaS0'); 
PszetaS5 = evalin('base','PszetaS5'); 
PszetaS75 = evalin('base','PszetaS75'); 
PszetaF0 = evalin('base','PszetaF0'); 
PszetaF5 = evalin('base','PszetaF5'); 
PszetaF75 = evalin('base','PszetaF75'); 
PfZetaE0new=PfZetaE0-PszetaE0; 
PfZetaE5new=PfZetaE5-PszetaE5; 
PfZetaE75new=PfZetaE75-PszetaE75; 
PfZetaS0new=PfZetaS0-PszetaS0;  
PfZetaS5new=PfZetaS5-PszetaS5; 
PfZetaS75new=PfZetaS75-PszetaS75; 
PfZetaF0new=PfZetaF0-PszetaF0;  
PfZetaF5new=PfZetaF5-PszetaF5; 
PfZetaF75new=PfZetaF75-PszetaF75; 
assignin('base','PfZetaE0new',PfZetaE0new); 
assignin('base','PfZetaE5new',PfZetaE5new); 
assignin('base','PfZetaE75new',PfZetaE75new); 
assignin('base','PfZetaS0new',PfZetaS0new); 
assignin('base','PfZetaS5new',PfZetaS5new); 
assignin('base','PfZetaS75new',PfZetaS75new); 
assignin('base','PfZetaF0new',PfZetaF0new); 
assignin('base','PfZetaF5new',PfZetaF5new); 
assignin('base','PfZetaF75new',PfZetaF75new); 
paratwee = evalin('base','paratwee'); 
mega = evalin('base','mega'); 
ittweeA(i)=paratwee(1); 
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ittweeB(i)=paratwee(2); 
megatwee(i)=mega; 
end; 
ittweeA = evalin('base','ittweeA'); 
ittweeB = evalin('base','ittweeB'); 
assignin('base','ittweeA',ittweeA); 
assignin('base','ittweeB',ittweeB); 
megatwee = evalin('base','megatwee'); 
assignin('base','megatwee',megatwee); 
 
EINDEtwee.m 
 
ZZZ = fminsearch(@ZORROzeta3pHandS2twee,XX4) 
dlmwrite('MATzetaS0.xls',MATzetaS0,'\t',0,1); 
dlmwrite('MATzetaS5.xls',MATzetaS5,'\t',0,1); 
dlmwrite('MATzetaS75.xls',MATzetaS75,'\t',0,1); 
dlmwrite('MATsorptieS0.xls',MATsorptieS0,'\t',0,1); 
dlmwrite('MATsorptieS5.xls',MATsorptieS5,'\t',0,1); 
dlmwrite('MATsorptieS75.xls',MATsorptieS75,'\t',0,1); 
dlmwrite('MATzetaF0.xls',MATzetaF0,'\t',0,1); 
dlmwrite('MATzetaF5.xls',MATzetaF5,'\t',0,1); 
dlmwrite('MATzetaF75.xls',MATzetaF75,'\t',0,1); 
dlmwrite('MATzetaE0.xls',MATzetaE0,'\t',0,1); 
dlmwrite('MATzetaE5.xls',MATzetaE5,'\t',0,1); 
dlmwrite('MATzetaE75.xls',MATzetaE75,'\t',0,1); 
dlmwrite('par.xls',ZZZ,'\t',0,1); 
assignin('base','para',ZZZ); 
 
ZORROzeta3pHandS2twee.m 
 
function [mega] = zorro(XP); 
Cbuffer = evalin('base','Cbuffer'); 
pKabuffer1 = evalin('base','pKabuffer1'); 
pKabuffer2 = evalin('base','pKabuffer2'); 
assignin('base','Xm',27.7); 
assignin('base','fac1',XP(4)); 
assignin('base','fac2',0); 
ahelp1=50; 
ahelp2=ahelp1*1e-8; 
assignin('base','a',ahelp2); 
pH8 = evalin('base','pH8'); 
assignin('base','pH',pH8); 
pH = evalin('base','pH'); 
Contbuffer8=Cbuffer*(10^(pH-pKabuffer1))/(1+(10^(pH-pKabuffer1))); 
assignin('base','ap',XP(1)); 
assignin('base','an',XP(1)); 
C08=0+Contbuffer8; 
assignin('base','C',C08); 
PfZetaE0new = evalin('base','PfZetaE0new'); 
assignin('base','Pf',PfZetaE0new); 
MOBILE0 = evalin('base','MOBILE0'); 
assignin('base','MOBIL',MOBILE0); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaE0 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
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assignin('base','PszetaE0',PszetaE0); 
zetatheofind; 
dukhin2; 
mobiltheoE0 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoE0',mobiltheoE0); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoE0(j)-MOBIL(j))^2); 
end; 
gram7=10000*einde/variance; 
assignin('base','gram7',gram7); 
CCB=horzcat(Pf',PsP',PszetaE0',pip',pHm', mobiltheoE0',MOBIL'); 
assignin('base','MATzetaE0',CCB); 
MATzetaE0 = evalin('base','MATzetaE0'); 
X1c=Pf; 
Y1c=mobiltheoE0; 
Y1cexp=MOBIL; 
assignin('base','ap',XP(2)); 
assignin('base','an',XP(2)); 
C58=5+Contbuffer8; 
assignin('base','C',C58); 
PfZetaE5new = evalin('base','PfZetaE5new'); 
assignin('base','Pf',PfZetaE5new); 
MOBILE5 = evalin('base','MOBILE5'); 
assignin('base','MOBIL',MOBILE5); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaE5 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
assignin('base','PszetaE5',PszetaE5); 
zetatheofind; 
dukhin2; 
mobiltheoE5 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoE5',mobiltheoE5); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoE5(j)-MOBIL(j))^2); 
end; 
gram8=10000*einde/variance; 
assignin('base','gram8',gram8); 
CCB=horzcat(Pf',PsP',PszetaE5',pip',pHm',mobiltheoE5',MOBIL'); 
assignin('base','MATzetaE5',CCB); 
MATzetaE5 = evalin('base','MATzetaE5'); 
dlmwrite('MATzeta2E5.xls',MATzetaE5,'\t',0,1); 
X2c=Pf; 
Y2c=mobiltheoE5; 
Y2cexp=MOBIL; 
assignin('base','ap',XP(3)); 
assignin('base','an',XP(3)); 
C758=75+Contbuffer8; 
assignin('base','C',C758); 
PfZetaE75new = evalin('base','PfZetaE75new'); 
assignin('base','Pf',PfZetaE75new); 
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MOBILE75 = evalin('base','MOBILE75'); 
assignin('base','MOBIL',MOBILE75); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaE75 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
assignin('base','PszetaE75',PszetaE75); 
zetatheofind; 
dukhin2; 
mobiltheoE75 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoE75',mobiltheoE75); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoE75(j)-MOBIL(j))^2); 
end; 
gram9=10000*einde/variance; 
assignin('base','gram9',gram9); 
CCB=horzcat(Pf',PsP',PszetaE75',pip',pHm',mobiltheoE75',MOBIL'); 
  
assignin('base','MATzetaE75',CCB); 
MATzetaE75 = evalin('base','MATzetaE75'); 
X3c=Pf; 
Y3c=mobiltheoE75; 
Y3cexp=MOBIL; 
pH7 = evalin('base','pH7'); 
assignin('base','pH',pH7); 
pH = evalin('base','pH'); 
Contbuffer7=Cbuffer*(10^(pH-pKabuffer1))/(1+(10^(pH-pKabuffer1))); 
assignin('base','ap',XP(1)); 
assignin('base','an',XP(1)); 
C07=0+Contbuffer7; 
assignin('base','C',C07); 
PfZetaS0new = evalin('base','PfZetaS0new'); 
assignin('base','Pf',PfZetaS0new); 
MOBILS0 = evalin('base','MOBILS0'); 
assignin('base','MOBIL',MOBILS0); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaS0 = evalin('base','Pszeta'); 
assignin('base','PszetaS0',PszetaS0); 
PsP = evalin('base','PsP'); 
zetatheofind; 
dukhin2; 
mobiltheoS0 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoS0',mobiltheoS0); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoS0(j)-MOBIL(j))^2); 
end; 
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gram1=10000*einde/variance; 
assignin('base','gram1',gram1); 
CCB=horzcat(Pf',PsP',PszetaS0',pip',pHm', mobiltheoS0',MOBIL'); 
assignin('base','MATzetaS0',CCB); 
MATzetaS0 = evalin('base','MATzetaS0'); 
X1a=Pf; 
Y1a=mobiltheoS0; 
Y1aexp=MOBIL; 
assignin('base','ap',XP(2)); 
assignin('base','an',XP(2)); 
C57=5+Contbuffer7; 
assignin('base','C',C57); 
PfZetaS5new = evalin('base','PfZetaS5new'); 
assignin('base','Pf',PfZetaS5new); 
MOBILS5 = evalin('base','MOBILS5'); 
assignin('base','MOBIL',MOBILS5); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaS5 = evalin('base','Pszeta'); 
assignin('base','PszetaS5',PszetaS5); 
PsP = evalin('base','PsP'); 
zetatheofind; 
dukhin2; 
mobiltheoS5 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoS5',mobiltheoS5); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoS5(j)-MOBIL(j))^2); 
end; 
gram2=10000*einde/variance; 
assignin('base','gram2',gram2); 
CCB=horzcat(Pf',PsP',PszetaS5',pip',pHm',mobiltheoS5',MOBIL'); 
assignin('base','MATzetaS5',CCB); 
MATzetaS5 = evalin('base','MATzetaS5'); 
X2a=Pf; 
Y2a=mobiltheoS5; 
Y2aexp=MOBIL; 
assignin('base','ap',XP(3)); 
assignin('base','an',XP(3)); 
C757=75+Contbuffer7; 
assignin('base','C',C757); 
PfZetaS75new = evalin('base','PfZetaS75new'); 
assignin('base','Pf',PfZetaS75new); 
MOBILS75 = evalin('base','MOBILS75'); 
assignin('base','MOBIL',MOBILS75); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaS75 = evalin('base','Pszeta'); 
assignin('base','PszetaS75',PszetaS75); 
PsP = evalin('base','PsP'); 
zetatheofind; 
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dukhin2; 
mobiltheoS75 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoS75',mobiltheoS75) 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoS75(j)-MOBIL(j))^2); 
end; 
gram3=10000*einde/variance; 
assignin('base','gram3',gram3); 
CCB=horzcat(Pf',PsP',PszetaS75',pip',pHm',mobiltheoS75',MOBIL'); 
  
assignin('base','MATzetaS75',CCB); 
MATzetaS75 = evalin('base','MATzetaS75'); 
  
X3a=Pf; 
Y3a=mobiltheoS75; 
Y3aexp=MOBIL; 
pH4 = evalin('base','pH4'); 
assignin('base','pH',pH4); 
pH = evalin('base','pH'); 
Contbuffer4=Cbuffer*(10^(pH-pKabuffer2))/(1+(10^(pH-pKabuffer2))); 
assignin('base','ap',XP(1)); 
assignin('base','an',XP(1)); 
C04=0+Contbuffer4; 
assignin('base','C',C04); 
PfZetaF0new = evalin('base','PfZetaF0new'); 
assignin('base','Pf',PfZetaF0new); 
MOBILF0 = evalin('base','MOBILF0'); 
assignin('base','MOBIL',MOBILF0); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaF0 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
assignin('base','PszetaF0',PszetaF0); 
zetatheofind; 
dukhin2; 
mobiltheoF0 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoF0',mobiltheoF0); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoF0(j)-MOBIL(j))^2); 
end; 
gram4=10000*einde/variance; 
assignin('base','gram4',gram4); 
CCB=horzcat(Pf',PsP',PszetaF0',pip',pHm', mobiltheoF0',MOBIL'); 
assignin('base','MATzetaF0',CCB); 
MATzetaF0 = evalin('base','MATzetaF0'); 
X1b=Pf; 
Y1b=mobiltheoF0; 
Y1bexp=MOBIL; 
assignin('base','ap',XP(2)); 
assignin('base','an',XP(2)); 
C54=5+Contbuffer4; 
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assignin('base','C',C54); 
PfZetaF5new = evalin('base','PfZetaF5new'); 
assignin('base','Pf',PfZetaF5new); 
MOBILF5 = evalin('base','MOBILF5'); 
assignin('base','MOBIL',MOBILF5); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
surpotstart; 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaF5 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
assignin('base','PszetaF5',PszetaF5); 
zetatheofind; 
dukhin2; 
mobiltheoF5 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoF5',mobiltheoF5); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoF5(j)-MOBIL(j))^2); 
end; 
gram5=10000*einde/variance; 
assignin('base','gram5',gram5); 
CCB=horzcat(Pf',PsP',PszetaF5',pip',pHm',mobiltheoF5',MOBIL'); 
assignin('base','MATzetaF5',CCB); 
MATzetaF5 = evalin('base','MATzetaF5'); 
X2b=Pf; 
Y2b=mobiltheoF5; 
Y2bexp=MOBIL; 
assignin('base','ap',XP(3)); 
assignin('base','an',XP(3)); 
C754=75+Contbuffer4; 
assignin('base','C',C754); 
PfZetaF75new = evalin('base','PfZetaF75new'); 
assignin('base','Pf',PfZetaF75new); 
MOBILF75 = evalin('base','MOBILF75'); 
assignin('base','MOBIL',MOBILF75); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('b
surpotstart; 
ase','PELU',PELUNUL); 
MOBIL = evalin('base','MOBIL'); 
variance=var(MOBIL); 
program21; 
PszetaF75 = evalin('base','Pszeta'); 
PsP = evalin('base','PsP'); 
assignin('base','PszetaF75',PszetaF75); 
zetatheofind; 
dukhin2; 
mobiltheoF75 = evalin('base','mobiltheo'); 
assignin('base','mobiltheoF75',mobiltheoF75); 
MOBIL = evalin('base','MOBIL'); 
Pf = evalin('base','Pf'); 
  
einde=0; 
for j=1:18; 
    einde = einde + ((mobiltheoF75(j)-MOBIL(j))^2); 
end; 
gram6=10000*einde/variance; 
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assignin('base','gram6',gram6); 
CCB=horzcat(Pf',PsP',PszetaF75', pip',pHm',mobiltheoF75',MOBIL'); 
assignin('base','MATzetaF75',CCB); 
MATzetaF75 = evalin('base','MATzetaF75'); 
X3b=Pf; 
Y3b=mobiltheoF75; 
Y3bexp=MOBIL; 
pH7 = evalin('base','pH7'); 
assignin('base','pH',pH7); 
CmoltotS0 = evalin('base','CmoltotS0'); 
assignin('base','Cmoltot',CmoltotS0); 
assignin('base','ap',XP(1)); 
assignin('base','an',XP(1)); 
C07 = evalin('base','C07'); 
assignin('base','C',C07); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
MOBILS0 = evalin('base','MOBILS0'); 
assignin('base','MOBIL',MOBILS0); 
PfS0 = evalin('base','PfS0'); 
assignin('base','Pf',PfS0); 
expS0 = evalin('base','expS0'); 
assignin('base','expo',expS0); 
PELUS0 = evalin('base','PELUS0'); 
assignin('base','PELU',PELUS0); 
surpotstart; 
program17; 
PsP = evalin('base','PsP'); 
PsN = evalin('base','PsN'); 
Pf = evalin('base','Pf'); 
pip = evalin('base','pip'); 
PELU = evalin('base','PELU'); 
assignin('base','expo',expS0); 
expo = evalin('base','expo'); 
Ps=PsP+PsN; 
einde=0; 
for j=1:12; 
    einde = einde + ((expo(j)-Ps(j))^2); 
end; 
variance=var(expo); 
kilo1=10000*einde/variance; 
assignin('base','kilo1',kilo1); 
CCC=horzcat(Pf',pip',pHm',PELU',PsP',PsN',Ps',expo'); 
assignin('base','MATsorptieS0',CCC); 
MATsorptieS0 = evalin('base','MATsorptieS0'); 
XX1=Pf; 
YY1=Ps; 
assignin('base','Ps0',YY1); 
YY1exp=expo; 
CmoltotS5 = evalin('base','CmoltotS5'); 
assignin('base','Cmoltot',CmoltotS5); 
assignin('base','ap',XP(2)); 
assignin('base','an',XP(2)); 
C57 = evalin('base','C57'); 
assignin('base','C',C57); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
MOBILS5 = evalin('base','MOBILS5'); 
assignin('base','MOBIL',MOBILS5); 
PfS5 = evalin('base','PfS5'); 
assignin('base','Pf',PfS5); 
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expS5 = evalin('base','expS5'); 
assignin('base','expo',expS5); 
PELUS5 = evalin('base','PELUS5'); 
assignin('base','PELU',PELUS5); 
surpotstart; 
program17; 
PsP = evalin('base','PsP'); 
PsN = evalin('base','PsN'); 
Pf = evalin('base','Pf'); 
pip = evalin('base','pip'); 
PELU = evalin('base','PELU'); 
assignin('base','expo',expS5); 
expo = evalin('base','expo'); 
Ps=PsP+PsN; 
einde=0; 
for j=1:12; 
    einde = einde + ((expo(j)-Ps(j))^2); 
end; 
variance=var(expo); 
kilo2=10000*einde/variance; 
assignin('base','gram52',gram2); 
CCC=horzcat(Pf',pip',pHm',PELU',PsP',PsN',Ps',expo'); 
assignin('base','MATsorptieS5',CCC); 
MATsorptieS5= evalin('base','MATsorptieS5'); 
XX2=Pf; 
YY2=Ps; 
assignin('base','Ps5',YY2); 
YY2exp=expo; 
CmoltotS75 = evalin('base','CmoltotS75'); 
assignin('base','Cmoltot',CmoltotS75); 
assignin('base','ap',XP(3)); 
assignin('base','an',XP(3)); 
C757 = evalin('base','C757'); 
assignin('base','C',C757); 
PELUNUL = evalin('base','PELUNUL'); 
assignin('base','PELU',PELUNUL); 
MOBILS75 = evalin('base','MOBILS75'); 
assignin('base','MOBIL',MOBILS75); 
PfS75 = evalin('base','PfS75'); 
assignin('base','Pf',PfS75); 
expS75 = evalin('base','expS75'); 
assignin('base','expo',expS75); 
PELUS75 = evalin('base','PELUS75'); 
assignin('base','PELU',PELUS75); 
surpotstart; 
program17; 
PsP = evalin('base','PsP'); 
PsN = evalin('base','PsN'); 
Pf = evalin('base','Pf'); 
pip = evalin('base','pip'); 
PELU = evalin('base','PELU'); 
assignin('base','expo',expS75); 
expo = evalin('base','expo'); 
Ps=PsP+PsN; 
einde=0; 
for j=1:15; 
    einde = einde + ((expo(j)-Ps(j))^2); 
end; 
variance=var(expo); 
kilo3=10000*einde/variance; 
assignin('base','kilo3',kilo3); 
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CCC=horzcat(Pf',pip',pHm',PELU',PsP',PsN',Ps',expo'); 
assignin('base','MATsorptieS75',CCC); 
MATsorptieS75= evalin('base','MATsorptieS75'); 
XX3=Pf; 
YY3=Ps; 
assignin('base','Ps75',YY3); 
YY3exp=expo; 
gram=gram1+gram2+gram3+gram4+gram5+gram6+gram7+gram8+gram9; 
kilo=kilo1+kilo2+kilo3;  
mega=(2*kilo)+gram 
assignin('base','mega',mega); 
  
surpotstart.m 
 
function surpotstart; 
R = evalin('base','R'); 
C = evalin('base','C'); 
T = evalin('base','T'); 
F = evalin('base','F'); 
eps0 = evalin('base','eps0'); 
D = evalin('base','D'); 
MOBIL = evalin('base','MOBIL'); 
mobilstart=MOBIL(1); 
assignin('base','mobilexp',mobilstart); 
zetastart=fzero(@DUKHIN1,0); 
assignin('base','zetaa',zetastart); 
pipstart=fzero(@surpot,0); 
sigmastart=(sqrt(8*R*T*C*eps0*D))*sinh(F*pipstart/(2*R*T)); 
assignin('base','sigmastart',sigmastart); 
 
program21.m 
 
Xm = evalin('base','Xm'); 
Xmc=Xm*1e-7; 
ap = evalin('base','ap'); 
an = evalin('base','an'); 
PELUe = evalin('base','PELU'); 
PELUNUL21 = evalin('base','PELUNUL21'); 
Cmoltote = evalin('base','Cmoltot'); 
CmoltotZeta = evalin('base','CmoltotZeta'); 
Pfe = evalin('base','Pf'); 
pHe = evalin('base','pH'); 
Ce = evalin('base','C'); 
pKdbe = evalin('base','pKdb'); 
aPC = evalin('base','aPC'); 
help=10^(pHe-pKdbe); 
PfP=Pfe*(1/(1+help)); 
PfN=Pfe*(help/(1+help)); 
fac1 = evalin('base','fac1'); 
fac2 = evalin('base','fac2'); 
assignin('base','PfP',PfP); 
assignin('base','PfN',PfN); 
Potential21; 
Pie = evalin('base','Pie'); 
pKshm=fac1+fac2*Pie; 
Corri = evalin('base','Corri'); 
Fe = evalin('base','F'); 
Re = evalin('base','R'); 
Te = evalin('base','T'); 
aPPNe = evalin('base','aPPN'); 
aPCe = evalin('base','aPC'); 
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Nae = evalin('base','Na'); 
expoe = evalin('base','expo'); 
NiCl = evalin('base','NiCl'); 
KiCl = evalin('base','KiCl'); 
Hmm=1000*(10^-pHe); 
Hm=Hmm*exp(-Fe*Pie/(Re*Te)); 
pHm=-log10(Hm/1000); 
PmP=PfP.*exp(-Fe*Pie./(Re*Te)); 
PmN=PfN; 
tst1=pKshm-(log10(ap./(1+(ap.*PmP))))-(log10((1+(an.*PmN))./an)); 
tst2=10.^(tst1); 
Xmp=(tst2*Xmc)./(1+tst2); 
Xmn=Xmc-Xmp; 
hulpPsP=(Xmp*ap).*PmP./(1+(ap*PmP)); 
hulpPsN=(Xmn*an).*PmN./(1+(an*PmN)); 
if PELUe==PELUNUL21; 
PsP=Nae*aPC*hulpPsP*CmoltotZeta; 
PsN=Nae*aPC*hulpPsN*CmoltotZeta; 
else;      
PsP=Nae*aPC*(Cmoltote-PELUe).*hulpPsP; 
PsN=Nae*aPC*(Cmoltote-PELUe).*hulpPsN; 
end; 
Pszeta=PsP+PsN; 
assignin('base','PsP',PsP); 
assignin('base','PsN',PsN); 
assignin('base','Pszeta',Pszeta); 
assignin('base','expoe',expoe); 
assignin('base','pip',Pie); 
assignin('base','pHm',pHm); 
 
zetatheofind.m 
 
pip = evalin('base','pip'); 
F = evalin('base','F'); 
R = evalin('base','R'); 
T = evalin('base','T'); 
k = evalin('base','k'); 
Lhd = evalin('base','Lhd'); 
e = evalin('base','e'); 
Na = evalin('base','Na'); 
eps0 = evalin('base','eps0'); 
D = evalin('base','D'); 
C = evalin('base','C'); 
Pf = evalin('base','Pf'); 
pH = evalin('base','pH'); 
pKdb = evalin('base','pKdb'); 
help=10^(pH-pKdb); 
PfP=Pf*(1/(1+help)); 
fles=exp(e*pip/(2*k*T)); 
alfa=(fles-1)./(fles+1); 
Kappa=sqrt((2*((e)^2)*Na*(C+PfP))/(eps0*D*k*T)); 
beker=alfa.*exp(-Kappa*Lhd); 
zetatheo=(2*R*T/(F))*log((1+beker)./(1-beker)); 
assignin('base','zetatheo',zetatheo); 
 
dukhin2.m 
 
function [mobiltheo] = DUKHIN(zetatheo); 
k = evalin('base','k'); 
R = evalin('base','R'); 
C = evalin('base','C'); 
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Z = evalin('base','Z'); 
a = evalin('base','a'); 
T = evalin('base','T'); 
eps0 = evalin('base','eps0'); 
D = evalin('base','D'); 
e = evalin('base','e'); 
k = evalin('base','k'); 
Na = evalin('base','Na'); 
visc = evalin('base','visc'); 
lnp = evalin('base','lnp'); 
lnm = evalin('base','lnm'); 
zetatheo = evalin('base','zetatheo'); 
Pf = evalin('base','Pf'); 
pH = evalin('base','pH'); 
pKdb = evalin('base','pKdb'); 
help=10^(pH-pKdb); 
PfP=Pf*(1/(1+help)); 
Kappa=sqrt(2*((Z*e)^2)*Na*(C+PfP)/(eps0*D*k*T)); 
aKappa=a*Kappa; 
mp=2*R*T*D*eps0/(3*visc*lnp); 
mm=2*R*T*D*eps0/(3*visc*lnm); 
mdp=mm+mp; 
mdm=mm-mp; 
redZeta=(e/(k*T))*zetatheo; 
bMdp=mp*exp(redZeta/2)+mm*exp(-redZeta/2); 
bMdm=mp*exp(redZeta/2)+mm*exp(-redZeta/2); 
A=3*(mdm*redZeta-2*mdp+2*bMdp); 
B=3*(mdp*redZeta+2*mdm-2*bMdm); 
test=log(cosh(redZeta/4)); 
teller=1.5*(redZeta.*(A+8*((sinh(redZeta/4)).^2))+4*log(cosh(redZeta/4)).*(
4*sinh(redZeta/2)-B)); 
noemer=(2*(Kappa*a+4*((sinh(redZeta/4)).^2)*(2+3*mdp)-
12*mdp*log(cosh(redZeta/4)))); 
redmobilcalc=1.5*redZeta-(teller./noemer); 
mobiltheo=100000000*redmobilcalc/(3*visc*e/(2*eps0*D*k*T)); 
assignin('base','mobiltheo',mobiltheo); 
 
program17.m 
 
Xm = evalin('base','Xm'); 
Xmc=Xm*1e-7; 
ap = evalin('base','ap'); 
an = evalin('base','an'); 
PELUe = evalin('base','PELU'); 
PELUNUL17 = evalin('base','PELUNUL17'); 
Cmoltote = evalin('base','Cmoltot'); 
CmoltotZeta = evalin('base','CmoltotZeta'); 
Pfe = evalin('base','Pf'); 
pHe = evalin('base','pH'); 
Ce = evalin('base','C'); 
pKdbe = evalin('base','pKdb'); 
aPC = evalin('base','aPC'); 
help=10^(pHe-pKdbe); 
PfP=Pfe*(1/(1+help)); 
PfN=Pfe*(help/(1+help)); 
fac1 = evalin('base','fac1'); 
fac2 = evalin('base','fac2'); 
assignin('base','PfP',PfP); 
assignin('base','PfN',PfN); 
Potential17; 
Pie = evalin('base','Pie'); 
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pKshm=fac1+fac2*Pie; 
Corri = evalin('base','Corri'); 
Fe = evalin('base','F'); 
Re = evalin('base','R'); 
Te = evalin('base','T'); 
aPPNe = evalin('base','aPPN'); 
aPCe = evalin('base','aPC'); 
Nae = evalin('base','Na'); 
expoe = evalin('base','expo'); 
NiCl = evalin('base','NiCl'); 
KiCl = evalin('base','KiCl'); 
Hmm=1000*(10^-pHe); 
Hm=Hmm*exp(-Fe*Pie/(Re*Te)); 
pHm=-log10(Hm/1000); 
PmP=PfP.*exp(-Fe*Pie./(Re*Te)); 
PmN=PfN; 
tst1=pKshm-(log10(ap./(1+(ap.*PmP))))-(log10((1+(an.*PmN))./an)); 
tst2=10.^(tst1); 
Xmp=(tst2*Xmc)./(1+tst2); 
Xmn=Xmc-Xmp; 
hulpPsP=(Xmp*ap).*PmP./(1+(ap*PmP)); 
hulpPsN=(Xmn*an).*PmN./(1+(an*PmN)); 
PsP=Nae*aPC*hulpPsP*Cmoltote; 
PsN=Nae*aPC*hulpPsN*Cmoltote; 
assignin('base','PsP',PsP); 
assignin('base','PsN',PsN); 
assignin('base','expoe',expoe); 
assignin('base','pip',Pie); 
assignin('base','pHm',pHm); 
 
DUKHIN1.m 
 
function [oei] = DUKHIN(Zeta); 
k = evalin('base','k'); 
R = evalin('base','R'); 
C = evalin('base','C'); 
Z = evalin('base','Z'); 
a = evalin('base','a'); 
T = evalin('base','T'); 
eps0 = evalin('base','eps0'); 
D = evalin('base','D'); 
e = evalin('base','e'); 
k = evalin('base','k'); 
Na = evalin('base','Na'); 
visc = evalin('base','visc'); 
lnp = evalin('base','lnp'); 
lnm = evalin('base','lnm'); 
mobilexp = evalin('base','mobilexp'); 
Kappa=sqrt(2*((Z*e)^2)*C*Na/(eps0*D*k*T)); 
aKappa=a*Kappa; 
mp=2*R*T*D*eps0/(3*visc*lnp); 
mm=2*R*T*D*eps0/(3*visc*lnm); 
mdp=mm+mp; 
mdm=mm-mp; 
redZeta=(e/(k*T))*Zeta; 
bMdp=mp*exp(redZeta/2)+mm*exp(-redZeta/2); 
bMdm=mp*exp(redZeta/2)+mm*exp(-redZeta/2); 
A=3*(mdm*redZeta-2*mdp+2*bMdp); 
B=3*(mdp*redZeta+2*mdm-2*bMdm); 
test=log(cosh(redZeta/4)); 
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teller=1.5*(redZeta*(A+8*((sinh(redZeta/4))^2))+4*log(cosh(redZeta/4))*(4*s
inh(redZeta/2)-B)); 
noemer=(2*(Kappa*a+4*((sinh(redZeta/4))^2)*(2+3*mdp)-
12*mdp*log(cosh(redZeta/4)))); 
redmobilcalc=1.5*redZeta-teller/noemer; 
mobilcalc=100000000*redmobilcalc/(3*visc*e/(2*eps0*D*k*T)); 
oei=mobilexp-mobilcalc; 
 
potential21.m 
 
function Potential; 
PELUe = evalin('base','PELU'); 
PfP = evalin('base','PfP'); 
PfN = evalin('base','PfN'); 
Cmoltote = evalin('base','Cmoltot'); 
fac1 = evalin('base','fac1'); 
fac2 = evalin('base','fac2'); 
for i=1:21; 
    Correc=((Cmoltote-PELUe(i))/Cmoltote); 
    PfPe=PfP(i); 
    PfNe=PfN(i); 
    assignin('base','Correc',Correc); 
    assignin('base','PfPe',PfPe); 
    assignin('base','PfNe',PfNe); 
    Corri(i)=Correc; 
    pKshift=fac1; 
    assignin('base','pKshift',pKshift); 
    Qi(i)=fzero(@hulp21,0);       
end; 
assignin('base','Pie',Qi); 
assignin('base','Corri',Corri); 
 
potential17.m 
 
function Potential; 
PELUe = evalin('base','PELU'); 
PfP = evalin('base','PfP'); 
PfN = evalin('base','PfN'); 
Cmoltote = evalin('base','Cmoltot'); 
fac1 = evalin('base','fac1'); 
fac2 = evalin('base','fac2'); 
for i=1:17;             
    Correc=((Cmoltote-PELUe(i))/Cmoltote); 
    PfPe=PfP(i); 
    PfNe=PfN(i); 
    assignin('base','PfPe',PfPe); 
    assignin('base','PfNe',PfNe); 
     
    pKshift=fac1; 
    assignin('base','pKshift',pKshift); 
    for j=1:6; 
        Qi(i)=fzero(@hulp17,0); 
        pKshift=fac1+fac2*Qi(i); 
        assignin('base','pKshift',pKshift); 
    end; 
end;      
assignin('base','Pie',Qi); 
 
hulp21.m 
 
function [g] = hulp(M); 
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pKshift = evalin('base','pKshift'); 
Fe = evalin('base','F'); 
ap = evalin('base','ap'); 
an = evalin('base','an'); 
Xm = evalin('base','Xm'); 
Re = evalin('base','R'); 
Te = evalin('base','T'); 
Ce = evalin('base','C'); 
De = evalin('base','D'); 
Nae = evalin('base','Na'); 
Correc = evalin('base','Correc'); 
eps0e = evalin('base','eps0'); 
aPPN = evalin('base','aPPN'); 
aPC = evalin('base','aPC'); 
pKdbe = evalin('base','pKdb'); 
pHe = evalin('base','pH'); 
PELUe = evalin('base','PELU'); 
pKdm=pKdbe-pKshift; 
PELUe = evalin('base','PELU'); 
PELUNUL21 = evalin('base','PELUNUL21'); 
Cmoltote = evalin('base','Cmoltot'); 
PfPe = evalin('base','PfPe'); 
PfNe = evalin('base','PfNe'); 
sigmastart = evalin('base','sigmastart'); 
Xmc=Xm*1e-7; 
Cmolip=Cmoltote-PELUe; 
Hmm=1000*(10^-pHe); 
Hm=Hmm*exp(-Fe*M/(Re*Te)); 
PmP=PfPe*exp(-Fe*M/(Re*Te)); 
PmN=PfNe; 
tst1=pKshift-(log10(ap/(1+(ap*PmP))))-(log10((1+(an*PmN))/an)); 
tst2=10^(tst1); 
Xmp=(tst2*Xmc)/(1+tst2); 
Xmn=Xmc-Xmp; 
hulpPsP=Xmp*ap*PmP/(1+(ap*PmP)); 
hulpPsN=Xmn*an*PmN/(1+(an*PmN)); 
pHm=-log10(Hm/1000); 
if PELUe==PELUNUL21; 
PsPm=hulpPsP*(1/(1+(hulpPsP+hulpPsN)*aPPN*Nae));     
else;      
PsPm=hulpPsP*Correc; 
end;  
ee=((PsPm*Fe)+sigmastart)/sqrt(8*(Ce+PfPe)*Re*Te*De*eps0e); 
d=log(ee+sqrt(ee^2+1)); 
g=M-d*2*Re*Te/(Fe); 
 
hulp17.m 
 
function [g] = hulp(M); 
pKshift = evalin('base','pKshift'); 
Fe = evalin('base','F'); 
ap = evalin('base','ap'); 
an = evalin('base','an'); 
Xm = evalin('base','Xm'); 
Re = evalin('base','R'); 
Te = evalin('base','T'); 
Ce = evalin('base','C'); 
De = evalin('base','D'); 
Nae = evalin('base','Na'); 
Correc = evalin('base','Correc'); 
eps0e = evalin('base','eps0'); 
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aPPN = evalin('base','aPPN'); 
aPC = evalin('base','aPC'); 
pKdbe = evalin('base','pKdb'); 
pHe = evalin('base','pH'); 
PELUe = evalin('base','PELU'); 
pKdm=pKdbe-pKshift; 
PELUe = evalin('base','PELU'); 
PELUNUL17 = evalin('base','PELUNUL17'); 
Cmoltote = evalin('base','Cmoltot'); 
NiCl = evalin('base','NiCl'); 
KiCl = evalin('base','KiCl'); 
PfPe = evalin('base','PfPe'); 
PfNe = evalin('base','PfNe'); 
sigmastart = evalin('base','sigmastart'); 
Xmc=Xm*1e-7; 
Cmolip=Cmoltote-PELUe; 
Hmm=1000*(10^-pHe); 
Hm=Hmm*exp(-Fe*M/(Re*Te)); 
PmP=PfPe*exp(-Fe*M/(Re*Te)); 
PmN=PfNe; 
tst1=pKshift-(log10(ap/(1+(ap*PmP))))-(log10((1+(an*PmN))/an)); 
tst2=10^(tst1); 
Xmp=(tst2*Xmc)/(1+tst2); 
Xmn=Xmc-Xmp; 
hulpPsP=Xmp*ap*PmP/(1+(ap*PmP)); 
hulpPsN=Xmn*an*PmN/(1+(an*PmN)); 
pHm=-log10(Hm/1000); 
PsPm=hulpPsP*(1/(1+(hulpPsP+hulpPsN)*aPPN*Nae));     
ee=((PsPm*Fe)+sigmastart)/sqrt(8*(Ce+PfPe)*Re*Te*De*eps0e); 
d=log(ee+sqrt(ee^2+1)); 
g=M-d*2*Re*Te/(Fe); 
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